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Figure 3.4 Dose-response for CHO cells as measured by neutral elution at pH 9.6. The data points represent the mean of 8 experiments and the vertical bars the standard error of mean values.
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Figure 3.6 The kinetics of disappearance of DNA strand breaks in CHO cells as measured by the neutral elution technique (pH 9.6) as a function of incubation time after X-ray exposure (30 Gy). The data points represent the mean of 10 experiments and the vertical bars the standard eiror of mean values. In (b) the data from (a) is plotted as % breaks rejoined (see section 3.2.2).
Figure 3.7 The kinetics of disappearance of DNA strand breaks in CHO cells as measured by the neutral elution technique (pH 7.4) as a function of incubation time after X-ray exposure (30 Gy). The data points represent the mean of 2 experiments and the vertical bars the standard error of mean values. In (b) the data from (a) is plotted as % breaks rejoined (see section 3.2.2).
Figure 3.8 The kinetics of disappearance of DNA strand breaks in CHO cells as measured by the neutral elution technique (pH 9.6) as a function of incubation time after X-ray exposure (50 Gy). The data points represent the mean of 2 experiments and the vertical bars the standard error of mean values. In (b) the data from (a) is plotted as % breaks rejoined (see section 3.2.2).
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Figure 4.6 The dose-response for X-irradiated EAT cells, hi the presence and absence of ara A, measured by neutral elution (pH 9.6). The fraction of DNA eluted at 16 h was used and the points represent the mean of 2 experiments and the vertical bars the standard error of mean values.
Figure 4.7 Kinetics of disappearance of DNA strand breaks measured by neutral elution (pH9.6), as a function of hicubation time after X-ray exposure (30 Gy) in the presence and absence of ara A. The data points represent the mean of 3 experiments and the vertical bars represent standard error of mean values. In (b) the data from (a) is calculated as % breaks rejoined.
Figure 4.8 Khietics of disappearance of DNA strand breaks measured by neutral elution (pH9.6), as a function of incubation time after X-ray exposure (30 Gy) in the presence and absence of ara C. In (b) the data from (a) is calculated as % breaks rejoined.
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Figure 6.1 The dose-response for X-irradlated xrs 5 cells as measured by neutral elution {pH9.6). The fraction of DNA eluted at 16 h was used and the points represent the mean of 3 experiments and the vertical bars the standard error of mean values. The CHO K1 data was taken from Fig. 3.4.
Figure 6.2 Kinetics of disappearance of DNA strand breaks in xrs 5 cells measured by neutral elution (pH 9.6) as a function of incubation time after X-ray exposure (30 Gy). The data points represent the mean of 5 experiments and the vertical bars the standard error of mean values. In (b) the data from (a) is calculated as % breaks rejoined. CHO K1 data was taken from Fig. 3.6.
Figure 6.3 Kinetics of disappearance of DNA strand breaks measured in xrs 5 cells by neutral elution (pH 9.6) as a function of incubation time after X-ray exposure (75 Gy). The data points represent the mean of 2 experiments and the vertical bars the standard error of mean values.
Figure 6.4 Kinetics of disappearance of DNA strand breaks measured in xrs 5 cells by neutral elution (pH 9.6) as a function of incubation time after X-ray exposure (50 Gy). The data points represent the mean of 2 experiments and the vertical bars the standard error of mean. In (b) the data from (a) is calculated as % breaks rejoined. CHO K1 data was taken from Fig. 3.8.
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Figure 6.6 The levels of DNA dsb in electroporated xrs 5 cells treated with 200 units/ml Pvu II or Bam HI measured by neutral elution (pH 9.6) as a function of incubation time (in tissue culture dishes) after treatment. The data points represent the mean of 2 experiments and the vertical bars the standard error of mean values. In (b) the xrs 5 data from (a) is compared with CHO K1 data taken from Fig. 5.8.
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The non-denaturing filter elution technique of Bradley and Kohn (1979) is widely 
used as an assay for DNA double-strand breaks (dsb) in mammalian cells. Results 
characteristically obtained with this assay following exposure of cells to ionising 
radiation, namely that of non-linear induction of dsb and rapid biphasic repair, are not in 
agreement with those of the neutral velocity sedipientation technique where the 
biophysical basis of measurement is understood. The discrepancy in the results obtained 
with these two techniques with regard to both induction and repair of dsb has led to a 
controversy, in particular concerning the manner in which the data obtained with the 
neutral elution technique should be interpreted (Ahnstrôm's Comment on Radford Î985; 
Hutchinson 1989). The aim of this project was therefore to attempt to test the assumed 
specificity of the non-denaturing filter elution technique as an assay for dsb.
Optimization of the lysis and eluting conditions was followed by detailed X-ray 
dose-response and repair experiments with the CHO K1 cell line. A comparative study was 
performed using the xrs 5 cell line, a radiosensitive mutant of the CHO K1 line chosen for its 
characteristic marked deficiency in dsb repair, yet normal ability to rejoin single-strand 
breaks (Kemp et a i  1984; Costa and Biyant 1988).
Previous reports by Biyant and Blocher (1982), and Iliakis and Bryant (1983) 
revealed that the DNA synthesis inhibitors ara A and ara C strongly inhibit dsb repair as 
assayed by neutral velocity sedimentation. I thus adopted an experimental strategy in 
which the effect of ara A and ara C on putative dsb repair was examined using the non- 
denaturing filter elution assay. Only limited inhibition of dsb repair by these nucleoside 
analogues was observed with the non-denaturing filter elution technique in contrast to the 
complete inhibition of dsb repair as measured by neutral velocity sedimentation for the 
same concentrations of DNA synthesis inhibitor (Bryant and Blocher 1982; Iliakis and 
Bryant 1983). These results suggest that the two above mentioned techniques are detecting 
disparate types of dsb, as manifested by the differential requirement of the repair 
mechanism of these breaks for DNA polymerization.
XIV.
A further approach was the introduction of restriction endonucleases (RE) into 
mammalian cells by electroporation, to induce dsb in the absence of other types of lesions. 
The observed increase in the rate of elution of the DNA of RE-treated cells substantiates the 
ability of the non-denaturing filter elution assay to detect cellular dsb. Surprisingly Pvu II 
was found to remain active inside the cell for up to 24 h, and the continual incision of the 
DNA by the enzyme thwarted the possibility of monitoring the repair of these dsb. A 
noteworthy result was the relative inability of RE which generate cohesive-ended dsb (e.g. 
BamHl and Eco Rl) to induced measurable numbers of dsb as compared with the blunt-end 
cutter Pvu II. A hypothesis of a competition between the induction of dsb by RE and the 
subsequent repair is offered as explanation, where the repair of cohesive-ended dsb is 
assumed to take place at a higher rate than that of blunt-ended dsb. A comparative study 
using the xrs 5 mutant cell line, known to be deficient in dsb repair, revealed enhanced 
levels of RE-induced dsb which would support the notion that the levels of dsb reflect a 
competition between RE-incision and dsb repair.
In summary, this study validates the measurement of dsb by the non-denaturing 
filter elution method and provides new evidence for the mode of induction of dsb by RE 
which has not been hitherto possible. Finally, the work indicates the way in which cells 
handle different types of dsb which may be similar to the manner in which the variety of 
dsb induced by ionising radiation are dealt with.
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INTRODUCTION/ 2
T his th esis  concerns th e  w idely u sed  b u t ra th e r  controversial non ­
d en atu rin g  filter elution a ssay  for DNA double-strand  b reak s  (dsb). In th is 
in troduc to ry  chap ter, the  significance of d sb  in  re la tion  to th e  biological 
effects of ionising rad ia tion  is explained. Diversity in  th e  in te rp re ta tio n  of 
th e  re su lts  of d sb  stud ies u sing  the  non -denatu ring  filter elu tion assay , has 
led to a  controversy and  th ese  in te rp re ta tions are  d iscussed  in  the  light of 
accepted  theories in the  field of radiobiology. An experim ental s tra tegy  is 
p ro p o sed  w h ich  w ould te s t  th e  v a lid ity  of th e  n o n -d e n a tu r in g  filter 
e lu tion  a ssay  to detect DNA doub le-s trand  breaks.
1.1 Ionising radiation and cell lethality
E xposure of m am m alian  cells to ionising rad ia tion  in vivo or in vitro 
can  induce a  variety of biological changes in  the  cells, includ ing  cell death  
or loss of proliferative capacity , chrom osom al aberra tions, m u ta tio n s  and 
oncogenic transfo rm ations. For cu ltu red  cells, cell d ea th  is defined as the 
loss of reproductive integrity , o r alternatively  cell surv ival is a n  a ssa y  of 
th e  ab ility  of a  cell to  p roduce  a  cell colony. T h is is  know n a s  the 
’clonogenic’ a ssa y  and  a  plot of cell survival as a  function of rad ia tion  dose 
th u s  yields a  survival curve. This w as one of th e  first tech n iq u es u sed  to 
q u an tita te  th e  deleterious effects of X -rays on cells.
The DNA w ith in  th e  n u c le u s  is  now generally  accep ted  to  be  the 
m ain  sensitive ta rg e t for rad ia tion  dam age and  hence responsib le  for the 
biological effects of rad ia tion , desp ite  evidence th a t  a lso  im plica tes the 
n u c le a r m em brane (Alper 1979).
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1.2 The structure of DNA and chromatin
The ability  to perceive th e  b iophysica l m echan ism  of in d u c tio n  of 
d am age  by  ion ising  ra d ia tio n  a n d  th e  n a tu re  of th e  s u b s e q u e n t DNA 
lesions depends on an  u n d e rs ta n d in g  of the  s tru c tu re  and  conform ation of 
DNA,
T he DNA m olecule is  a  doub le  helix  co n sis tin g  of two su g a r- 
p h o sp h a te  ch a in s  (or p h o sp h o d ie s te r  s trands) on th e  ou tside  a n d  bases 
on  th e  inside. The b a se s  (aden ine  - A, cytosine - C, gu an in e  - G, and 
thym idine - T) are  a ttach ed  covalently  to the  su g ar of th e  phosphodiester 
b ack b o n e  a n d  form  c o m p lem en ta ry  p a irs  w ith  b a se s  on  th e  opposite 
s tra n d  by  m eans of hydrogen bo n d s (A=T or G=C). The sequence of these 
b a se s  form s th e  genetic code w h ich  is tran sc rib ed  for p ro te in  syn thesis, 
u p o n  w hich all organic p rocesses depend.
D u rin g  S -p h a se  of th e  cell cycle the  DNA is d u p lica ted  in  its  
en tire ty  su c h  th a t  a t cell division each  d au g h te r cell will receive a  copy of 
th e  full genom ic c o n te n t of th e  p a re n t cell. E ach  s tra n d  a c ts  a s  a  
tem pla te  for th e  new  DNA s tra n d , a  p rocess w hich is m ediated  by  a  DNA 
po lym erase  enzym e (th o u g h t to  be  polym erase a  in  m am m alian  cells). 
D uring  th is  rep lication  p ro cess  th e  two helically w ound  s tra n d s  of DNA 
need  to  be  separa ted  an d  th e  new  s tra n d s  are  syn thesized  in  th e  5' to 3' 
d irec tio n . O th e r th a n  DNA po lym erase , severa l o th e r  enzym es are 
re q u ire d  for rep lica tion ; to  effect unw in d in g  a t  th e  rep lica tio n  fork 
(helicase), he lix -destab iliza tion , rew inding  (topoisom erases) a n d  to jo in  
frag m en ts  on th e  lagging s tra n d  (ligases). S ince th e  orig inal s tra n d s  of 
DNA are conserved a s  one of the  s tra n d s  of the  newly syn thesized  DNA, 
th is  m echan ism  of DNA rep lication  is  said to be sem i-conservative.
U nless rep lica tion  is tak in g  place, the  DNA is condensed  in to  the 
ch rom atin  s tru c tu re  consisting  of several orders of packing. In Fig. 1.1 a
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sch em a tic  d iag ram  of c u r r e n t  m odels of levels of o rg an isa tio n  in  the  
c h ro m a tin  i l lu s tra te s  how  c o n d en sa tio n  of th e  long DNA s tra n d  is 
possib le . D uring  in te rp h a s e  th e  chrom atin  s tru c tu re  is  th o u g h t to be 
com prised  of th e  30  n m  fibre  w hich is a ttach ed  a t  reg u la r in tervals, by 
m ean s of p ro te ins, to th e  n u c le a r  lam ina and  in te rn a l m atrix  to form the 
so-called  DNA loops. F u th erm o re , two general c lasses of ch rom atin  have 
b een  d istingu ished  on th e  b a s is  of th e ir appearance u n d e r  th e  m icroscope 
(A lberts  e t a t  1983): c o n d e n s e d  or h e te ro c h ro m a tin  w h ic h  is
tra n sc r ip tio n a lly  in ac tiv e  a n d  less condensed  e u c h ro m a tin  w h ich  is 
actively tran scribed . J u s t  p rio r to cell division, superpack ing  of the  DNA 
is in effect achieved w hen  th e  chrom atin  of in te rph ase  condenses to form 
th e  chrom osom es visible d u rin g  m etaphase  of m itosis. C learly the extent 
of condensa tion  of th e  DNA in to  chrom atin  changes m arkedly  du ring  the 
cell cycle; it changes from  th e  relaxed s tru c tu re  of actively tran scribed  
e u ch ro m a tin  o r th e  open  s tru c tu re  of the  rep lica tion  forks d u rin g  S- 
p hase , to th e  highly condensed  chrom osom es a t m etap h ase  of m itosis.
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Figure 1.1 Schematic diagram of current models of DNA superpacking into chromatin taken from Pienta and CohQr (1984)
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1.3 Radlation-induced DNA damage
In a ttem p ts  to describe  th e  physical in teraction  of ionising rad iation  
w ith  DNA it is n o t know n w h a t effect the  h igher-o rder s tru c tu re  of the 
DNA w ith in  th e  ch ro m a tin  will have. The DNA m olecule is therefore  
o ften  co n sid ered  a s  s im p ly  th e  2 nm  double  h e lix  s u r ro u n d e d  by 
assoc ia ted  p ro teins an d  ions.
1.3.1 DNA lesions
Ionising rad ia tio n s  su c h  a s  X -rays, y-rays, a -p a rtic le s  or n e u tro n s  
in te ra c t w ith  cellu lar m ateria l in  a  w ay th a t  produces tra c k s  of secondary  
e le c tro n s  w ith in  th e  cell. T he h igh  local energy im p arted  by  th ese  
ion is ing  partic les or e lec trons (Goodhead an d  B ren n er 1983) can  either 
b e  abso rbed  directly  by  the  DNA m olecule (so-called d irec t action) or can 
c a u s e  th e  fo rm ation  of chem ical rad ica ls  w hich  m ay  a tta c k  th e  DNA 
(ind irec t action). The a b so rp tio n  of rad ia tio n  energy w ith in  th e  DNA 
lead s  to the  form ation of various types of lesions viz, DNA s tra n d  b reaks, 
b a se  dam age, crosslinks and  LMDS - locally m ultiply dam aged sites (Ward 
1985; Téoule 1987).
DNA s tra n d  b rea k s  c an  be divided in to  2 categories; sing le-s trand  
b re a k s  (ssb; b reak  in  ju s t  one of the  phosphod iester s trands), or double­
s tra n d  b reak s  (dsb) w here two s tra n d  b reaks occur in  close proxim ity on 
opposing  s tra n d s . The frequency  of ssb  an d  b ase  dam age induction  are 
th o u g h t to  be sim ilar ( -1 1 00 /G y /genom e) w hereas d sb  are  20 -30  tim es 
le ss  frequen t ( - 4 0 /G y/genom e) {e.g. B locher 1982; van  der S ch an s e t a l  
1982).
C ross links betw een  one DNA s tra n d  a n d  a sso c ia ted  p ro te in s  or 
b e tw een  the  two DNA s tra n d s  are  possible. The induction  frequency of 
th e s e  c ro ss lin k s  is  re la tiv e ly  low; 1 3 3 /G y /g en o m e  for DN A -protein
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c ro ss lin k s  and  even low er for in te rs tra n d -c ro s s lin k s  (1®^  l .H. G ray 
W orkshop) and  th ese  lesions a re  therefore probably of m inor im portance 
w hen  com pared to s tra n d  b rea k s  or base  dam age, in  con tribu ting  to the 
biological effects of ion is ing  rad ia tion . DNA crosslinks m ay however be 
le thal by interfering w ith  DNA separa tion  during S-phase.
M am m alian cells have the  capacity  to repa ir a  considerable  am ount 
of dam age to the  genom e, a s  illu stra ted  by  the  fact th a t  a n  absorbed  dose 
of 1 Gy typically leads to a n  average of som ew hat less th a n  1 ‘lethal lesion' 
p e r  cell. B ase dam age or lo ss of a  b a se  is th o u g h t to be  rectified by 
excision of a  few nucleo tides in  th e  dam aged region, th e  gap is th en  filled 
by  DNA polym erase an d  finally th e  n ick  in  the  s tra n d  is sealed by  ligase 
(Painter and  Young 1972; Fox and  Fox 1973). Base dam age is therefore in 
effect converted to ssb , a n d  hence th e  polym erization an d  ligation steps 
a re  com m on to b o th  re p a ir  m ech an ism s. T he d ifferent types of DNA 
s tra n d  b reak s  are n o t equally  im p o rtan t in cell killing an d  it h a s  been 
postu la ted  th a t ssb  and  therefore also b ase  dam age are n o t responsible for 
cell le tha lity  (Fox a n d  Fox 1973; H esselw ood 1978; W ard e t al. 1985; 
P rise et al. 1989b). The m ain  body of evidence p o in ts  to doub le-s trand  
b re a k s  (dsb) and  o th e r  LMDS a s  th e  m ost critical lesions (H utchinson 
1974; Ho 1975; R esn ick  a n d  M artin  1976; F ran k en b e rg  e t al. 1984; 
R esn ick  1978; H u tc h in so n  1974; B locher an d  P ohlit 1982; van  der 
S ch an s e t al. 1982; Radford 1986; W ard 1985; 1986).
W ork based  on rad ia tion  sensitive s tra in s  of y east e.g. rad  52, which 
can n o t repair dsb, show s th a t  1-2 dsb  constitu te  a  le tha l event (Ho 1975; 
R esnick  and  M artin  1976; F rankenberg  e t al. 1984). T his evidence gave 
rise  to th e  h ypo thesis  th a t  d s b  are  th e  lesions w ith in  th e  DNA w hich 
could  potentially  re su lt in  m am m alian  cell le thality  {e.g. Radford 1986a; 
1986b). This hypo thesis  h a s  been  su p p o rted  by s tu d ies  on m u ta n ts  of 
m am m alian  cell lines th a t  a re  hypersensitive  to ion ising  rad ia tion  and
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w h ich  exhibit d im in ished  levels of dsb repa ir (Kemp e t al. 1984; E vans e t  
al. 1987; W lodek a n d  H itte lm an  1987; C osta an d  B ryant 1988; Zdzienicka 
e t al. 1988). It is  how ever im p o rtan t to note th a t  th e  ex ten t of rep a ir  of 
d sb  m ay  n o t be  th e  only d e te rm in a n t of cell d ea th , a s  i llu s tra te d  by 
n u m ero u s  s tu d ie s  on  cell lin es  w hich differ in  th e ir  rad iosensitiv ity  b u t 
n o t in  th e ir ab ility  to  re p a ir  DNA lesions (Lehm ann an d  S tevens 1977; 
R ah m sd o rf e t al. 1981; Koval and  K azm ar 1988a; Sw iegert e t al. 1989; 
Peacock et al. 1989). T here is  strong  evidence th a t  the  fidelity of repa ir 
also plays a  c ruc ia l role, show n by stud ies  on cells from indiv iduals w ith 
th e  au tosom al recessive genetic  d isease a tax ia  te lang iectasia  (AT). These 
s tu d ie s  a t t r ib u te d  th e  in h e re n t  rad io sen s itiv ity  of th e  AT cells to
in accu rac ies  in  d sb  re jo in ing  ra th e r  th a n  to lack  of rep a ir  (Cox e t al.
1984; 1986; D ebenham  e t a i  1987). It is reasonab ly  self-evident th a t  the  
genom ic position  of th e  u n rep a ired  or m isrep a ired  d sb  will affect the  
biological outcom e, i.e. a  lesion  in the  extensive, non-vital regions of the  
genom e m ight n o t challenge th e  ability of the  cell to  survive to the  sam e 
ex ten t a s  a  lesion  w ith in  a  gene w hich contro ls a  v ital cellu lar function  
(un less it lead s to  te rm in a l dele tion  of a  chrom osom e fragm en t w hich  
m ay itself con tain  b o th  usefu l and  non-essen tia l sequences).
D espite th e  lack  of d irec t evidence m o st investigato rs agree th a t  
u n re p a ire d  o r m is re p a ire d  d sb  p lay  a  c ru c ia l ro le  in  le th a lity  of
m am m alia n  ce lls  (T hacker a n d  S tre tc h  1985; B ry a n t 1988). By
em ploying re s tr ic tio n  e n d o n u c lea ses  (RE) th a t  g enera te  d sb  to  m odel 
rad ia tio n  dam age, it  h a s  b een  show n th a t  th e re  is a  strong  correlation  
betw een dsb an d  th e  induction  of chrom osom al aberra tions (Bryant 1984; 
Obe et al. 1985), cell le thality  (Bryant 1985), m u ta tio n s (Obe e t al. 1986), 
a n d  oncogenic tra n s fo rm a tio n  (B ryant a n d  R iches 1990). RE a re  
therefore  pow erful tools w ith  w hich  to investigate  the  role of dsb, in  the  
absence  of the  o th er lesions w hich are  alw ays p resen t in  cells exposed to
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Ion ising rad ia tion . Yet it  m u s t be borne in m ind th a t  th e  dsb  induced  by 
rad ia tio n  an d  RE differ in  one m ajor aspect, nam ely  th a t  of th e  n a tu re  of 
th e  end g roups of th e  s tra n d  b reaks: RE b reak s have clean ' 3 '-hydroxyl 
a n d  5' phosphory l term ini, w hereas rad ia tion  induced  b reak s  a re  likely to 
have 'd irty ' ends a n d  th e  s tru c tu re  of these  b reak s  is likely to determ ine 
th e  w ay in  w hich  th e  cell will deal w ith  the  lesion  (B ryant 1988; W ard 
1986; W ard et a t  1987).
1.3.2 Correlation o f  cytogenetic dam age w ith  DNA double-strand breaks
The n a n o m e te r  d im en sio n s  of th e  DNA m olecu le  ex c lu d es  the  
possibility  of v isua lising  the  b reak s w ith in  the  s tra n d s , even w ith  electron 
m icroscopy. The dele terious effects of ionising rad ia tio n  can  how ever be 
v isu a lise d  in  a  lig h t m icroscope a s  ab n o rm a litie s  in  th e  m e ta p h a se  
ch ro m o so m es o r in  p re m a tu re ly  c o n d en sed  ch ro m o so m es (PCC) as 
fragm ents.
C h rom osom al a b e rra tio n s  (CA) com prise  v a rio u s  ab n o rm a litie s  
w hich include gaps, deletions (breaks) and  exchanges. CA are  th o u g h t to 
re s u lt  from  dsb  w hich  are n o t repaired , resu ltin g  in  deletions, an d  dsb 
w hich  a re  m isrepaired , yielding exchanges (Bender e t a l  1974). The dsb 
orig in  of CA is im p lica ted  by  a  large body of in d irec t evidence: For
exam ple, enzym es su c h  as N eurospora  single s tra n d  endonuclease  w hich 
convert ssb  in  th e  DNA of X -irrad iated  cells to d sb , have b een  show n to 
c au se  app rox im ate  doubling  in  th e  d sb  frequency  a n d  a  co rrespond ing  
increase  in  CA (N atarajan  et a l  1980). Inhib itors of d sb  repa ir have been  
show n to en h an ce  th e  yield of X -ray induced  CA (Iliakis e t a l  1988b; 
M ozdarani an d  B ry an t 1987; 1989), w hile dsb  rep a ir  deficient m u ta n ts  
have show n h igher levels of CA th a n  th e  w ild-type p a re n t lines following 
X -ray exposure  (Kemp and  Jeggo 1986; D arroud i and  N atara jan  1987a; 
1987b) or RE tre a tm e n t (Bryant e t al. 1987).
INTRODUCTION/ 1 0
In  ex p e r im e n ts  in  w h ich  th e  tim e betw een  X -irrad ia tio n  an d  
m itosis w as varied  to encom pass G2  p h a se  cells, the half-tim e of th e  rate  
o f d isa p p e a ra n c e  of d e le tio n s is s im ila r  to  th a t  of d sb  re jo in ing  as 
m e a su re d  by  n e u tra l  ve locity  se d im e n ta tio n , w hich  h a s  lead  to  a  
sp ecu la tiv e  co rre la tion  betw een  th e  de le tions and  d sb  (M ozdarani and  
B ry an t 1987). In the  sam e article  th e  increased  frequency of exchanges 
in  th e  p resen c e  of th e  d sb  re p a ir  in h ib ito r a ra  A w as a ttr ib u te d  to 
m is re p a ir  even ts in  d sb  rejo in ing . U sing th e  PCC tech n iq u e  in  cells 
trea te d  w ith  ihakis et a l  (1987) m easu red  sim ilar repa ir k inetics for 
PCC fragm ents a s  th a t  of d sb  repa ir a s  m easured  by neu tra l elution after X- 
ra y  exposure.
The above evidence po in ts to  u n rep a ired  or m isrepaired  d sb  a s  the 
origin of CA, b u t  the  frequencies of CA are  num erically  very m uch  lower 
th a n  th e  frequencies of d sb  p re s e n t in  th e  DNA. F or th is  rea so n  a 
c o m p a riso n  of th e  re s u l ts  of cy togenetic  and  d sb  a s sa y s  sh o u ld  be 
conducted  w ith  caution .
1.4 Models of DNA double-strand break (dsbl induction and
repair
1.4.1 D ouble-strand break induction
B iophysica l s tu d ie s  in  w h ich  th e  rad ia tio n  tr a c k  s tru c tu re  is 
com pared  w ith  th e  biological effects reveal th a t  the  p robability  of track s 
overlapping is  negligible even a t h igh  doses of ten  to h u n d re d s  of grays. 
T h is evidence h a s  led to  th e  theory  th a t  dsb  are  produced  predom inantly  
b y  ind iv idual rad ia tio n  tra c k s  (Goodhead 1989). The b re a k s  in opposing 
DNA s tra n d s  could bo th  be due to th e  d irect action of localised c lusters of 
io n isa tio n s  w ith in  th e  tra c k  end of a  single e lectron  tra c k  of sparse ly
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ionising  rad ia tions su c h  a s  X- o r y-rays (Goodhead and  B ren n er 1983), or 
form ed in  conjunction  w ith  p ro te in  o r w ater m olecules w hich  a re  closely 
a sso c ia ted  w ith  th e  DNA (indirect action). Indirect ac tion  is th o u g h t to 
occu r by  a  m echan ism  by  w hich  h ighly  reactive species su c h  a s  hydroxyl 
rad ica ls , a  m ajor radiolysis p ro d u c t of w ater, reac t w ith  DNA to give rise 
to  s tra n d  b reak s and  o ther types of lesions. High LET or densely  ionising 
rad ia tio n , su c h  as n e u tro n s  o r a -p a rtic le s , is on th e  o th e r  h a n d  m ore 
likely to generate  d sb  by  local m assive  destruction  (Tobias e t a l  1980; 
Coquerelle e t a l  1987; G oodhead 1989). M ost biophysical m odels assum e 
ran d o m  ind uction  of dam age by  ion ising  rad ia tion  th ro u g h o u t th e  DNA 
w ith in  th e  n u c leu s  due  to  th e  ran d o m  n a tu re  of energy  d eposition  of 
rad ia tion . N um erous a u th o rs  have how ever show n th a t  c e rta in  regions in 
th e  DNA, viz. transcrip tiona lly  active DNA, m ight be p referen tially  broken 
(Chui e t a l  1982; W arters e t a l  1987; H eussen  e t a l  1987). The m ain 
concep t th a t  needs to be em p h asised  is th a t  dsb  a re  th o u g h t to be the 
re su lt of a  single track  event, w hich  w ould imply th a t  th e  n u m b er of dsb 
induced  should  increase linearly  w ith  th e  dose of ionising rad ia tion .
Ion ising  ra d ia tio n  is k now n  to  in d u ce  d sb  w ith  v a rio u s  end 
s tru c tu re s  e.g. Von S onn tag  e t a l  (1981) found evidence of DNA s tra n d  
b rea k s  w ith  (a) phosphate  g roups a t  b o th  the  3' and  5’ te rm in a ls  w ith  the 
su g a r and  the  base  m issing, (b) s tra n d  b reaks w ith an  altered  su g a r on the 
3 ' te rm in a l and  5 '-p h o sp h a te  end  g roup  and  (c) a lkali-lab ile  s ite s  i.e. 
a lte ra tio n s to the  sugar m oeity and  lo ss of the  base  su c h  th a t  th e  s tran d s  
w ould sp lit u n d e r a lkali cond itions. Clearly, b reak s w ith  S '-phosphoryl 
an d  3 '-hydroxyl ends, com m only referred  to as ’clean’ b reak s, could easily 
be  rejoined by sim ple ligation. In com parison  ’dirty’ b rea k s  w hich  carry  a  
dam aged su g a r or base, o r gaps in  th e  s tra n d s  resu lting  from  destruction  
of th e  deoxyribose w ould req u ire  severa l enzym es to  be  rep a ired  e.g . 
exonuclease for the  rem oval of dam aged term ini, polym erase to fill in  the
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gap and  ligase to re se a l th e  n ick  in  the  s tra n d  (L andbeck a n d  H agen 
1973; H enner e t a l  1982). Von S onn tag  e t a l  (1981) w ere essen tia lly  
referring to ssb  induced  by  low LET or sparsely  ionising rad ia tio n  b u t  the 
'dirty* n a tu re  of the  term in i is  likely to be sim ilar for dsb.
It is also obvious th a t  two ssb  in  close proxim ity on opposite s tran d s 
could  behave a s  a  d sb , b u t  th is  s itu a tio n  as  m en tioned  before, is only 
probable a t  extrem ely h igh  doses of rad iation  or for free DNA irrad ia ted  in 
a q u eo u s so lu tion  w here  h ig h  c o n ce n tra tio n s  of hydroxyl rad ic a ls  are  
induced . It is n o t u n rea so n a b le  to assum e th a t  b ase  dam age, w hich is 
converted to ssb  by  endonuclease  action, in  close proxim ity to a  ssb  could 
re s u lt  in  th e  form ation  of a  d sb  (N atarajan  e t a l  1980; A hnstrôm  and 
B ry a n t 1982; B ry an t 1986). The possib ility  therefo re  th a t  non -le thal 
lesions can  in te ra c t to give rise  to a  potentially  le th a l lesion  ( te . a  dsb) 
can n o t be excluded.
1.4.2 Repair o f  double-strand breaks
It h a s  been  suggested  th a t  there  m ay be differences in  th e  repa ir or 
m isrepa ir of d sb  induced  by  sp a rse ly  or densely  ionising  rad ia tions, b u t 
c u rre n t evidence in th e  lite ra tu re  is  no t conclusive on th is  point. V an der 
S c h a n s  e t a l  (1983) and  M aki e t al. (1986) found no  a p p a re n t difference 
in  th e  ra te  o r ex ten t of rep a ir, w hile o thers found  a  d im in ished  ra te  of 
rejo ining an d  m ore res id u a l u n rep a ired  b reaks following exposure  of cells 
to h igh  LET rad ia tio n  (Ritter e t  al. 1977; Roots e t a l  1979; B ryan t and  
B locher 1980; Coquerelle e t al. 1987; B lôcher 1988; Fox an d  McNally 
1988). The ex ten t of m is rep a ir  h a s  n o t been  e lu c id a ted  for h igh  LET 
ra d ia tio n  a lth o u g h  it is k now n  th a t  h ig h er freq u en c ies  of exchange 
ab e rra tio n s  occur a fte r h igh  LET exposure  (Edw ards e t al. 1980). Ward 
(1985) h a s  suggested  th a t  locally m ultip ly  dam aged s ites  (LMDS) would
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p re s e n t problem s for a c c u ra c y  of cellu lar repa ir m ech an ism  d ue  to  the  
lack  of tem plate  integrity .
The b iochem ical m ec h an ism s  of dsb  rep a ir  a re  a s  ye t unknow n , 
a lth o u g h  ind irec t evidence h a s  b een  sou g h t to  reveal th e  n a tu re  of the  
re p a ir  e.g. th ro u g h  th e  u se  of chem ical agen ts w hich in te rru p t rep a ir  or 
th e  u se  of bacteria l m u ta n ts  deficient in  a  specific repa ir pathw ay (Collins
1987). T here is evidence th a t  th e  rep a ir of d sb  in  b a c te ria  req u ire s  
reco m b in a tio n  w ith  a n  in ta c t  reg ion  of a  hom ologous DNA m olecule 
(K rasin and  H u tch in son  1977; W eibezahn an d  Coquerelle 1981; Picksley 
e t al. 1984; Lopez a n d  Coppey 1987). The rad  52 m u ta n t of y east w hich 
is u n a b le  to rep a ir  d sb  is  a lso  know n to be reco m b in a tio n  defective 
(Resnick 1975). R esnick  (1976) an d  Szostak e t al. (1983) have proposed 
m odels of dsb  rep a ir involving recom bination , w hich  basica lly  requ ires 
no rm ally  occurring  degradative  a n d  rep a ir enzym es an d  a  heterodup lex  
reco m b in an t s tru c tu re . A ccording to  th ese  m odels, th e  recom bination  
even t is in itiated  by degradation  of th e  ends of the  dsb  by  exonucleases to 
form  large sin g le -s tran d ed  reg ions o r gaps of 20 -30  b ases . T hese are 
th e n  filled in  by u s in g  la rg e  DNA se g m en ts  from  a  hom ologous 
chrom osom e in  a  reciprocal or non-reciprocal fashion. DNA polym erase 
is  su b se q u e n tly  re q u ire d  to  sy n th e s ise  th e  lack in g  co m plem en ta ry  
se q u e n c e s  in  b o th  ch ro m o so m es a n d  ligase acitiv ity  is n e c e ssa ry  to 
com plete th e  rejoining p rocess.
The d sb  rep a ir  m ec h an ism  in  m am m alian  cells is how ever n o t 
know n. R esn ick  a n d  M oore (1979) de tected  reco m b in a tio n  in  8 /G 2 - 
p h a se  cells b u t not in  Gq cells and  th u s  concluded th a t  recom bination was 
n o t associated  w ith d sb  rep a ir on acco u n t of th e  occurrence of d sb  repair 
in  all p h a ses  of th e  cell cycle. Moore e t al. (1986) found  th e  X-ray- 
sensitive  m u ta n t of th e  CHO cell line, x rs  5, know n to be deficient in  dsb 
re p a ir  (Kemp e t al. 1984), to  have  a  red u c ed  ab ility  to c a rry  o u t
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hom ologous reco m b in a tio n  in  a n  in vitro system , the  ex ten t of w hich 
parallelled  its deficiency in  d sb  repair. The possib ility  of a  recom bination 
m echan ism  of dsb  repa ir in  m am m alian  cells seem s likely as th is  u se s  th# 
in teg rity  of th e  hom ologous DNA in fo rm atio n  to  e n su re  a cc u ra c y  of 
rejoining in  the  absence of a  tem plate  in the  opposing s tran d  (D ebenham  
e t a l  1987).
Chem ical and  enzym atic end group s tu d ie s  have identified a  range 
of d sb  te rm in i in d u ced  b y  ion ising  ra d ia tio n  (as m entioned  above in  
sec tion  1.4.1) an d  th u s  re p a ir  of ion ising  rad ia tio n -induced  d sb  w ould 
probably  call upon  a  range of enzym atic p rocesses from sim ple ligation to 
recom bination. B ased on th e  fas t dsb  repa ir k inetics m easured  by neu tra l 
e lu tion , Radford (1987a) p roposed  th a t  sim ple ligation  could rep re se n t 
th e  m echanism  of d sb  repair. The enzym e responsib le  for ligation, ligase, 
requ ires a  3’-OH an d  5 '-phosphory l su b s tra te  and  therefore exonuclease 
c leaning  of the  en d s of ’d irty ' d sb  w ould be a  p rerequ isite  for a  ligation 
m echan ism  of dsb  rejoining (Lennartz e t a i  1975). Such  a repa ir process 
would seem  feasible, b u t  it could possibly lead to th e  deletion of b ase  pairs 
w hich  m ight have a  de le terious effect on  th e  in tegrity  of the  genom e. On 
th e  o ther h a n d  it  could be possible  th a t  m am m alian  cells have m ore th a n  
one system  for dsb  rejoining; one involving em ergency ligation (which is 
preferable to  allowing th e  d sb  to rem ain  open for a  considerable period) 
a n d  a  second  recom bina tion  m echan ism  w hich  w ould en su re  accu ra te  
re p a ir  (W eibezahn a n d  C oquerelle  1981). I t m igh t be possib le  th a t  
incorrectly  ligated d sb  are. a t  som e la te r stage  in  th e  cell cycle, detected 
a n d  the  in teg rity  o f th e  seq u en ce  res to red  by  recom bina tion . M euth  
(1990) h a s  in  fac t found  evidence of a  proof-reading  exonuclease in  the  
replication com plex of CHO cells.
R ecent reco m b in an t DNA tech n iq u es have allowed th e  a sse ssm e n t 
of th e  fidelity of rep a ir (Thacker 1986) and  AT cells w hich are  proficient
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in  d sb  rep a ir  (L ehm ann a n d  S tevens 1977; Coquerelle a n d  W eibezahn 
1981; T hierry  e t a l  1985) have  b een  show n to have a  h igh  level of dsb  
th a t  a re  m isrepaired  (Cox e t a l  1984; 1986). It h a s  been  suggested  th a t  
th is  m isrep a ir p ro cess  is  th e  c a u se  of th e  hypersensitiv ity  to ion ising  
rad ia tio n  charac te ristic  of th e  AT cells (Cox e t a l  1984; 1986). The low 
fidelity of dsb rep a ir in  AT cells h a s  been  a ttr ib u ted  to large deletions or 
rea rrangem en ts a t  th e  site  of th e  d sb  a s  a  re su lt of exonuclease digestion 
of the  term ini before ligation. O n th e  b asis  of th is  d a ta  Cox e t a l  (1986) 
p o s tu la te d  th e  e x is te n c e  o f a  c o m p e titio n  b e tw een  lig a tio n  a n d  
exonuclease  d igestion  of th e  en d s of th e  b roken  DNA, w hich  is sh ifted  
tow ards degradation  in  AT cells. F u rth e r  evidence th en  led D ebenham  e t  
a l. (1987) to  sp e c u la te  t h a t  th is  cou ld  be  d u e  to  th e  a c tio n  of 
to p o iso m erase  11, w h ich  m ig h t p ro te c t th e  d sb  from  d eg ra d a tio n  in  
no rm al cells by  b ind ing  to th e  end  s tru c tu re s , b u t  th a t  th is  in te rac tio n  
m igh t be defective in  AT cells.
1.5 Techniques used to assay for dsb in mammalian cells
In th is  section, th e  b iochem ical techn iques th a t  have been  u sed  to 
m easu re  th e  in d u c tio n  a n d  rep a ir  of DNA dsb  in  m am m alian  cells a re  
described  and  th e  re su lts  ch arac teristica lly  ob tained  w ith  th ese  m ethods 
a re  d iscu ssed . U nlike cytogenetic or reco m b in an t DNA a ssa y s , th ese  
tech n iq u es m easu re  th e  cum ulative  (bulk) effect of rad ia tio n  on  a  large 
n u m b e r of cells (in th e  o rd er of 1.10^ - 1.10® ce lls /sam p le ). C au tio n  
n eed s  to be adop ted  w hen  com paring  th e  re su lts  of d ifferent a ssa y s  if 
non-isogenic cell types have b een  used . C hrom atin  s tru c tu re  c an  differ 
m arked ly  betw een  cell lines a n d  th is  could  determ ine  th e  re sp o n se  of
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cells to  ionising rad ia tio n  {e.g. W heeler an d  W ierowski 1983; Koval and  
K azm ar 1988a).
T he n e u tr a l  ve loc ity  s e d im e n ta tio n  te c h n iq u e  (L ehm ann  a n d  
S tevens 1977; B locher 1982) is, a t  p resen t, th e  only a ssay  th a t  enables 
d irec t m ea su re m e n t of th e  m o lecu lar w eight of th e  DNA (based  on the  
d is tan c e  sed im en ted  by  th e  DNA in  a  n e u tra l  su c ro se  g rad ie n t u n d e r  
centrifugation) a n d  th u s  of th e  ac tu a l n u m b ers  of dsb  p resen t in  the  DNA. 
T he tech n iq u e  u n fo rtu n a te ly  h a s  th e  d isad v an tag es of be ing  extrem ely 
tim e consu m in g  a n d  n o t p a rticu la rly  sensitive  i.e. th e  doses u se d  are 
generally  ou tside  th e  ’biologically re lev an t’ range. U sing th is  technique, 
several au th o rs  have found th a t  dsb a re  formed as  a  linear function  of dose 
in  b a c te ria  (K rasin a n d  H u tch in so n  1977), y e a s t (Resnick a n d  M artin  
1976; F rankenberg-S chw ager e t al. 1979) and  in  m am m alian  cells (Corry 
an d  Cole 1973; L ehm ann and  Stevens 1977; B locher 1982; A hnstrôm  and 
B ryan t 1982). T he fac t th a t  n e u tra l velocity sed im en ta tion  s tu d ie s  have 
found  dsb  to be linearly  dependen t on dose (except a t  very h igh  doses of 
-4 0 0 0  Gy w here ssb  a re  so frequen t th a t  they  by  chance  in te rac t to  form 
a  dsb) rep re se n ts  s tro n g  evidence in  favour of th e  ’s ing le-track ’ theory  of 
d sb  in d u c tio n  refe rred  to  earlie r. T he n e u tra l  velocity sed im en ta tio n  
tech n iq u e  is therefo re  generally  regarded  a s  th e  m o st reliable  a ssa y  for 
dsb.
The DNA unw ind ing  techn ique  em ploys a lkali lysis cond itions (pH 
12) w hich  cau ses  th e  DNA s tra n d s  to separa te  an d  unw ind from  po in ts  of 
b reak ag e . U n d e r care fu lly  con tro lled  lysis co n d itio n s th e  e x te n t of 
unw ind ing  is p roportiona l to  th e  n u m b er of s tra n d  b reaks. T his m ethod 
therefore de tec ts  a  to ta l n u m b er of b reak s  [i.e. ssb  p lu s  dsb), b u t  B ryant 
a n d  B locher (1980) dev ised  a n  experim en ta l p ro toco l by  w h ich  DNA 
unw in d in g  c a n  b e  u se d  to follow th e  k in e tics  of d s b  repa ir. In  th is  
re sp ec t they  found  good sim ilarity  betw een rep a ir k inetics a s  m easu red
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by  th e  DNA unw ind ing  and  n e u tra l  velocity  sed im en ta tion  techn iques. 
T he DNA u n w in d in g  te c h n iq u e  h a s  th e  ad v an tag e  of its  tec h n ic a l 
sim plicity a s  well as good reproducibility .
B oth th e  above tech n iq u es d e tec ted  first-o rder rep a ir k inetics i.e. 
a n  exponentia l decrease  in  th e  n u m b e r of d sb  rem ain ing  w ith tim e. The 
half-tim es ( t i / 2 ) of repair were estim ated  a t  -3 .5  h  (Lehm ann and  Stevens 
1977) a n d  1 3 7  = 2-4  h  d epend ing  o n  c u ltu re  cond itions (B ryant and  
B locher 1982; B locher an d  Pohlit 1982). T hese re su lts  th u s  im plied a 
single, relatively slow repa ir com ponen t w hich  in  tu rn  signified th a t  there  
m ay only be one m echan ism  of d sb  rep a ir. U sing th e  DNA sy n th esis  
inh ib ito r a ra  A (9-p-D -arabinofuranosyladenine) B ryant and  Blocher (1982) 
show ed th a t  th is  repa ir m echan ism  h a d  a n  abso lu te  requ irem ent for DNA 
po lym eriza tion . T his w ould s u p p o r t  th e  n o tio n  of a  reco m b in a tio n  
m echanism  of dsb  repair as against ligation.
A nother rap id  and  sim ple m ethod  for detecting  DNA b reak s is  the 
DNA precip ita tion  a ssay  of Olive (1988). T his techn ique is based  on  the 
differential precipitib ility  of varying DNA fragm ent sizes (large fragm ents 
p rec ip ita te  while th e  sm aller fragm en ts rem ain  in  the  su p ern a tan t), b u t  a  
m ajo r d raw back  of th is  techn ique  is i ts  in sensitiv ity  for the  detection  of 
dsb. U nder th e  n eu tra l conditions u sed  to a ssa y  for d sb  the  percentage of 
DNA precip ita ted  decreases linearly  a s  a  function  of X -ray dose, indicating 
a  lin ear increase  of dsb w ith  dose a lbeit a t  relatively large X -ray doses (40 
- 200  Gy). No d sb  rep a ir s tu d ie s  have yet been  u n d e rta k e n  u s in g  th is  
p rec ip ita tion  techn ique .
R ecently  B locher e t al. (1989) show ed th a t  th e  new ly developed 
CH EF (c lam p ed  h o m o g en eo u s e le c tr ic a l field) gel e le c tro p h o re s is  
techn ique  w as a  su itab le  m ethod for m easu rin g  dsb in  m am m alian  DNA 
th a t  is b a sed  on  the  m ovem ent of negatively charged DNA m olecules in  an  
e lec tric  field. T h is a s sa y  e x h ib its  good sen sitiv ity  a n d  allow s the
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d e tec tion  of d sb  down to ~2 Gy of X -rays. In th e ir in itia l rep o rt B locher 
e t  a l  (1989) observed n o n -lin e a r  ind u ctio n  of d sb  w ith  dose, b u t  in  a  
su b se q u e n t article (Blocher 1990) he  explains th a t  th is  m ay  be due  to an  
a r te fa c t of th e  tec h n iq u e , v iz . th e  ex trac tio n  p ro p e rtie s  of th e  DNA 
m olecu les o u t of the  well, a n d  once corrected  for th e  a ssa y  gave linear 
in d u c tio n  of dsb . S tam ato  a n d  D enko (1990) u sin g  th e  asym m etric  field 
in v e rs io n  gel e lec tro p h o res is  (AFIGE) tech n iq u e  have  a lso  rep o rte d  a 
l in e a r  ind u c tio n  of d sb  w ith  dose of ionising  rad ia tion . The d sb  repa ir 
ra te  a s  m easu red  by CHEF electrophoresis is considerably  faster th a n  th a t 
m easu red  by the  n eu tra l velocity sedim entation  or DNA unw inding, w ith  a 
re p a ir  tim e c o n s tan t t i / 2  of 30 -40  m in (Blocher e t a l  1989). A kinetic 
s tu d y  revealed b iphasic  r a th e r  th a n  first-o rder rep a ir  k inetics, b u t  th is  
h a s  as yet no t been repeated  by  o ther investigators.
The n o n -d en a tu rin g  filter e lu tion  techn ique  of B rad ley  a n d  Kohn 
(1979) is  cu rren tly  th e  m o st w idely u se d  a ssa y  for DNA d sb  an d  th is  
tech n iq u e  exhib its n o n -lin ear dsb  induction  and  b ip h asic  rep a ir k inetics 
w ith  a  t i / 2  of 30-40  m in  (Kemp e t a l  1984). T his tech n iq u e  an d  these  
re su lts  a re  d iscussed  in  g rea te r detail in  the following section  (1 .6 ).
T he above tec h n iq u e s  a re  q u a n tita tiv e  a s sa y s  of th e  in d u c tio n  
frequency  of d sb  and the  ex ten t of dsb  repair th a t  can n o t com m ent on the 
type  of rep a ir  effected or w h e th e r  d ifferent types of DNA te rm in i are 
m ore  p ro n e  to e rro n eo u s  rep a ir . R ecom binan t DNA te c h n iq u e s  are  
req u ired  to  investigate th ese  a sp ec ts  of the  fidelity of d sb  rep a ir (Thacker
1986).
It is fairly obvious th a t  th e  re su lts  of s tu d ies  of induction  and  repair 
of d sb  depend largely on the  a ssa y  th a t  w as employed. T his leaves one to 
q u e s tio n  th e  accu racy  a n d /o r  valid ity  of each  a ssa y  a n d  th e  possib le  
in te rp re ta tio n  of the  re su lts , especially  in  th e  case of th e  non -dena tu ring  
filter elution assay.
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1.6 The controversy surrounding the non-denaturing filter
elution technique
In th e  filte r e lu tio n  te c h n iq u e  th e  filte rs  a re  th o u g h t  to  ac t 
m echanically  to im pede th e  p assag e  of the  s tra n d s  of DNA an d  hence  its 
a ssu m ed  th a t  th e  g rea te r th e  n u m b er of b reaks p re sen t in  th e  DNA the 
g rea te r the  chance  of e lu tin g  th e  DNA fragm ents from th e  filter. This 
e lu tion  technique w as in itia lly  u se d  u n d e r alkaline conditions (pH 12) in 
o rd er to d isc rim in a te  sizes o f s in g le -s tran d ed  frag m en ts  of DNA and  
therefore to detect DNA ssb  (Kohn an d  Grimeg-Ewig 1973). V aria tions of 
th is  technique have b een  u se d  to de tec t alkali-labile sites , DNA-protein 
c ro sslinks and  DNA in te rs tra n d -c ro ss lin k s , b a se d  on  th e  in fluence  on 
e lu tio n  of th e  e x te n t of p ro te in  ad so rp tio n  to  th e  filter (Kohn 1986; 
Radford 1986b).
B radley and  K ohn (1979) firs t u sed  the  filter e lu tion  a ssa y  u n d e r 
conditions w here p ro te in  ad so rp tio n  to the  filter w as m in im ised  and  a t 
th e  lower pH values of 9 .6  an d  7.4, in  order to e lu te  doub le-stranded  DNA 
an d  therefore to de tec t d sb . They show ed em pirically  th a t  n e u tra l filter 
e lu tion  w as a  sensitive a ssa y  for dsb  in  m am m alian  cells an d  found th a t 
m ore DNA eluted from  th e  filter a t  th e  higher pH value of 9 .6  th a n  a t 7.4. 
S trictly  speaking  th e  te rm  'n e u tra l ' is m isleading  since the  techn ique  is 
u su a lly  perform ed a t  th e  a lka li pH of 9.6, b u t  th e  term  w as coined by 
B radley and  Kohn to  d is tin g u ish  the  a ssay  from  th e  th en  existing alkaline 
e lu tion  techn ique  (perform ed a t  pH 12.2) an d  to  em phasise  th a t  a t  the 
pH  values of 7 .4  or 9 .6  th e  DNA re ta in s  its  d o u b le -s tran d ed  s tru c tu re . 
The technique is therefo re  a lso  know n as n o n -d en a tu rin g  filter elution. 
T h roughou t th is  th e s is  th e  a s sa y  will be referred  to a s  n o n -d en a tu rin g  
filter elution or sim ply n e u tra l elution.
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The u se  of non -d en a tu r in g  filter e lu tion  a s  a n  assay  for DNA dsb  h as 
increased  d ram atically  in  the  p a s t few years  due  to its  technical sim plicity 
an d  h igh  sensitiv ity  relative to o th e r availab le  techn iques, even though  
abso lu te  q u an tita tio n  of d sb  by th is  a ssa y  is n o t possible. The technique 
can  be calib rated  u sin g  ceUs trea ted  w ith  1^5 % however th is  h a s  proved to 
be  p rob lem atica l (see R adford 1988 a n d  H u tch in so n  1989). The high 
sensitiv ity  of th is  techn ique  allows m easu rem en ts  to be m ade a t rad iation  
doses w ith in  th e  survival curve range, th u s  enabling  possible correlations 
to be estab lished  an d  tes ted  betw een cell killing and  DNA dsb  induction  
and  repair.
1.6.1 The m echan ism  o f  non-denaturing fil te r  elution
The p u rp o se  of th e  fairly  rig o ro u s lysis tre a tm e n t em ployed by 
B radley an d  K ohn (1979) w as to re lease  th e  DNA from the  cells an d  to 
rem ove  a ll D N A -bound  p ro te in s  a n d  RNA in  o rd e r  to  a t ta in  
unencum bered , free DNA on th e  filter. They show ed th a t  by trea ting  the  
cell lysate  w ith  th e  res tric tio n  endonuclease  (RE) HpA  1, w hich generates 
b lu n t-ended  dsb , a  considerab le  increase  in  th e  ra te  of DNA elu tion  w as 
observed. T his experim en t is u su a lly  held  to be th e  stro n g est piece of 
evidence th a t  th e  n e u tra l elution techn ique m easu res  dsb.
In c o n tra s t  to th e  a lkaline e lu tion  a ssa y , th e  e lu tion  profiles or 
sem i-logarithm ic p lo ts  of th e  DNA re ten tio n  v e rsu s  elu tion  tim e, were no t 
s tra ig h t u n d e r n o n -d en a tu rin g  conditions, b u t  concave (Bradley and  Kohn 
1979). T hese concave e lu tion  profiles reflect a  fas t in itial ra te  of elution, 
followed by a  slow er ra te  a t longer elu tion  tim es. Obviously, and  as noted 
by  B radley  an d  K ohn (1979) the  concave e lu tion  profiles ind icate  th a t  
p o rtions of th e  DNA e lu te  w ith  d ifferent k in e tics . A m odel w hich can  
quantita tively  describe  th is  elution behav iou r of the  large double-stranded 
DNA fragm ents from  th e  filter is still how ever lacking.
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A 'spaghetti-in -a-sieve ' [te . doub le-stranded  spaghetti) analogy can 
be envisaged to concep tua lise  th e  m echan ism  of the  techn ique, w hereby 
d u rin g  flu sh ing  th e  sieve w ith  w a te r th e  sm aller fragm ents of sp ag h etti 
w ould s ta n d  a  g rea te r ch an ce  of ge tting  th ro u g h  the  holes in  th e  sieve 
leaving th e  longer s tra n d s  beh ind . The fact th a t  a  filter w ith 2  pm  pores 
can  re ta in  DNA w ith  a  1000-fold sm aller d iam eter, implies th a t  th e  DNA 
frag m en ts  m ig h t be  of c o n s id e ra b le  len g th . T his w ould n o t be an  
u n reaso n ab le  a ssu m p tio n  w hen  it  is considered  th a t the m axim um  length  
of DNA p e r ch rom osom e is ap p ro x im ate ly  5 cm. D epend ing  o n  the  
d is tan ce  se p a ra tin g  th e  pores, it  is therefore  likely th a t  the  two en d s  of 
an y  one fragm en t could a tte m p t to  go th o u g h  two different pores. This 
idea  h a d  b een  suggested  by  Nicolini e t a t  (1983) and  w as inco rpora ted  
in to  th e ir  m odel of elu tion , b u t  it d id n o t fully explain the  sh a p e  of the 
e lu tio n  profiles. B albi e t al. (1986) p roposed  a  m odel in  w h ich  they  
considered  th e  physico-chem ical p roperties  of the  DNA [te . len g th  and  
f le x ib il i ty /s u p e rp a c k in g )  a n d  th e  g e o m e tric  a n d  h y d ro d y n a m ic  
co n figu ra tion  of th e  a p p a ra tu s , b u t  even th is  deta iled  m odel w as of 
lim ited  su c c e ss  in  d escrib ing  th e  e lu tio n  profiles. T hese  m odels did 
how ever e m p h a s ise  th a t  th e  e lu tio n , a lth o u g h  d e te rm in e d  by  the  
fragm ent leng th  of th e  DNA, is also affected by  the  flexibility or rigidity of 
th e  s tra n d s  a n d  by th e  degree of random  coiling of th e  DNA.
F u therm ore , a  lack  of u n d e rs tan d in g  exists regarding  th e  chem ical 
b a s is  of th e  lysis s tep  of th e  n o n -d en a tu rin g  filter e lu tion  techn ique  and 
th is  h a s  lead  to  d isagreem ent am ong investigators on how to in te rp re t the 
e lu tio n  d a ta , a  p o in t w h ich  is  i l lu s tra te d  by  th e  co n trad ic tin g  views 
regarding  th e  optim um  pH of the  n eu tra l e lu tion  assay. B radley an d  Kohn 
(1979) a n d  Radford (1988) argued  th a t  a  pH of 9 .6  should  be used , a s  th is 
pH w ould effect m ore efficient rem oval of the  DNA-binding p ro te in s  th a t 
could otherw ise m ask  the  dsb . Tilby e t a t  (1984) and  E vans e t a t  (1986),
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on the  o th e r hand , argued  th a t  a t  pH 9 .6  alkali-labile s ite s  a re  detected 
th a t  w ould n o t be p re sen t a t  no rm al in trace llu la r pH a n d  w hich  do no t 
c o n trib u te  to cell lethality . T h is is su e  is d iscussed  in  g rea te r detail in 
ch ap te r 2. It should be noted  th a t  h igh  pH during lysis h a s  also been used 
in  th e  sed im en ta tion  (B locher 1982) a n d  gel e lec trophoresis  (Schw artz 
an d  C an to r 1984) techn iques for m easu ring  the  induction  of dsb.
T he con troversy  s u r ro u n d in g  th e  in te rp re ta t io n  of th e  dose- 
resp o n se  an d  repa ir k inetic  d a ta  ob tained  w ith th e  n e u tra l e lu tion  assay  
(considered in  the  following sec tio n s 1.6.2 and  1.6.3) is also  in  p a r t  due 
to  th e  lack  of u n d ers tan d in g  of th e  biophysical m echan ism  of th e  elution 
behav iour of the doub le-stranded  DNA.
1.6.2 The non-linear dose-response  relationship fo r  neutral elution
T he n o n -d en a tu rin g  filte r e lu tio n  techn ique  m e a su re s  n o n -lin ear 
in d u c tio n  of dsb  w ith  X -ray dose in  m am m alian  cells (Ross an d  Bradley 
1981; W oods 1981; R adford 1985; S igdestad  e t al. 1987; W lodek and 
H itte lm an  1987; Prise e t al. 1987; Sw iegert e t al. 1988; O k ay asu  et a l
1988), in  c o n tra s t to th e  lin e a r  in d u c tio n  m easu red  by  n e u tra l  velocity 
sed im en ta tion . A lthough it m u s t  also borne in  m ind th a t  th e  shou lder of 
th e  DNA e lu tion  dose-response  o ccu rs in  the  low dose region e.g. 0-10 
Gy, w hich  is below th e  d e tec tio n  lim it (-20  Gy) of th e  n e u tra l  velocity 
se d im e n ta tio n  tech n iq u e . T h ese  n o n -lin ear d o se -resp o n se  cu rves can  
e ith e r  be  considered  a s  q u a d ra tic  (Blazek e t al. 1989) o r a s  linear- 
q u a d ra tic , i.e. a  linear in crease  w ith  a  concave sh o u ld e r in  th e  low dose 
region  (O kayasu an d  Iliakis 1989). If th e  non-linear in d u c tio n  of dsb  is 
n o t a n  a rte fac t of the  techn ique, it im plies th a t a  significant proportion  of 
ind iv idual ionising trac k s  co-operate  to  form a  dsb . In fac t B lazek e t a l  
(1989) have proposed, on th e  b a s is  of the  neu tra l e lu tion  assay , th a t  the
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induction  of d sb  by  y-irradiation is p roportional to th e  square  of the  dose 
a n d  th u s  th a t d sb  are  entirely  due to ’tw o-hit’ events.
Radford’s  exp lanation  for the  sh o u ld e r in  th e  dsb  induction  curve, 
a s  m easu red  by  n e u tra l  e lu tion , w as th a t  m am m alian  cells co n ta in  a  
sa tu ra b le  p rocess for chem ical ’sh ie ld ing’ of th e  DNA from rad ical a ttack  
(R adford 1988). E a rlie r  R adford  (1987b) h a d  rep o rte d  th a t  nuc le i 
show ed a  n e a r- lin e a r  dose-respo nse  w hen  irrad ia ted  in  buffered saline 
so lu tio n , b u t  t h a t  ad d itio n  of su lp h y d ry l co m p o u n d s re s to re d  th e  
shoulder. This d a ta  led h im  to postu la te  th a t  su lphydryl com pounds were 
responsib le  for th is  chem ical ’sh ield ing’ of cellu lar DNA and  th u s  for the 
sh o u ld e r a t  low doses observed in  th e  in d u c tio n  curves. However, the  
finding  of O kayasu  an d  Iliakis (1989) th a t  th ey  could reduce  or in  fact 
e lim ina te  th e  sh o u ld e r  by  a p p ro p ria te  choice of th e  lysis cond itions 
r a th e r  th a n  ch an g in g  th e  ce llu la r env ironm ent, w ould refu te  R adford’s 
exp lanation  of th e  n on -linear dose-response re la tionsh ip .
R adford (1986a) h a d  also  suggested  th a t  th e  sh o u ld e red  dose- 
re sp o n se  for n e u tra l  e lu tion  m irro rs  the  sh o u ld e r on  th e  cell survival 
cu rves, w ith  th e  im plica tion  th a t  th e  level of induced  d sb  reflects the  
ex ten t of cell killing. T his hypo thesis is b a sed  on extensive s tu d ies  of; 
one cell type u n d e r  a  varie ty  of environm ental conditions (Radford 1985), 
ce lls  of d iffe ren t in tr in s ic  ra d io se n s itiv itie s  (Radford 1986a), cells 
sy n c h ro n ise d  in  d iffe re n t p h a s e s  of th e  cell cycle (R adford a n d  
B ro a d h u rs t 1986) a n d  of cells of different ploidy (Radford an d  H odgson
1987). This h y p o th es is  h a s  been  trea ted  w ith  su sp ic ion  since i t  im plies 
th a t  th e  in tr in s ic  rad io sen sitiv ity  of a  cell line is  d e te rm in ed  by  an  
enhanced  dsb  dose-response  ra th e r  th a n  its  ability  to repa ir dsb , b u t  h a s  
nevertheless gained  su p p o rt from o ther groups (Prise e t al. 1987; W lodek 
a n d  H itte lm an  1987; K elland e t a l  1988; Peacock e t al. 1989). The idea 
th a t  rad iosensitive s tra in s  of wild-type cell lines show  enhanced  induction
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of d sb  is difficult to reconcile w ith  th e  physics of energy deposition, b u t 
could possibly be  explained in  term s of differences in  chrom atin  s tru c tu re  
or in  su lphydryl or g lu ta th ione co n ten t (Radford 1986a).
N um erous g ro u p s on th e  o th e r  h a n d , have p u b lish ed  evidence 
w hich  re fu tes R adford’s hypo thesis e.g. Iliakis e t al. (1988a), Iliakis and  
O kayasu  (1988), W lodek an d  H itte lm an  (1988a), O kayasu  e t al. (1988), 
W heeler e t al. (1988), Sw iegert e t a l  (1988) a n d  Sw iegert e t al. (1989). 
In two articles by  O kayasu an d  colleagues (O kayasu e t a l  1988; O kayasu  
an d  Iliakis 1989), th e  shouldered  dose-response  curve w as a ttr ib u te d  to 
incom plete sep ara tio n  of the  DNA from  th e  chrom atin  du ring  lysis, a n d  to 
varia tions in th e  organization of DNA th ro u g h  the  cell cycle. Iliakis e t a l  
(1988a) could  find  no difference in  th e  d o se -re sp o n se  cu rv es, and  
therefore in th e  induction  of dsb, of th e  w ild-type CHO K1 and  th e  x rs  5 
(X-ray-sensitive) m u ta n t cell lines, desp ite  a  20-30  fold difference in  their 
level of rad iosensitiv ity . W lodek a n d  H itte lm an  (1988a), W heeler e t a l  
(1988) and  Sw iegert e t a l  (1988) cou ld  also find no correlation  betw een 
th e  level of in d u ced  d sb  detectable b y  n eu tra l e lu tion  an d  cell surv ival in 
cell lines of d ifferen t rad iosensitiv ities. A nother im p o rtan t finding  th a t 
opposed Radford’s hypothesis w as th a t  of O kayasu and  Iliakis (1989), who 
ob tained  a  l in e a r  e lu tion  do se -resp o n se , a fte r se lection  of ap p ro p ria te  
lysis conditions in  a  cell line (CHO) w hich  h a s  a  shouldered survival curve.
O kayasu  e t a l  (1988) u sing  synchron ised  CHO cells found th a t  the 
dose-response  of th e  n e u tra l e lu tion  a ssa y  flu c tu a ted  sign ifican tly  w ith 
p h ase  of the  cell cycle a t w hich  th e  cells were irrad iated . It w as n o t so 
m u ch  the  s ta te  of grow th th a t  affected th e  elu tion  (the dose-response  of 
exponential a n d  p la tea u  p h ase  cells w ere n o t th a t  different), b u t  ra th e r  
the  progression  of th e  cells in to  the  S -phase  of th e  cell cycle. The elution 
properties of th e  DNA show ed a  cyclic response  w ithin  S -phase  - s ta rtin g  
w ith  a  m axim um  a t  th e  beginning of S -phase, reaching  a  m in im um  in  the
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m idd le  of S -p h ase  a n d  r is in g  ag a in  to  th e  m ax im um  value  a fte r the 
com pletion of DNA syn thesis . T hese  fluc tuations could be a ttr ib u te d  to 
e ith e r v a ria tio n s in  the  level of in d u c tio n  of d sb  (as p e r Radford) or to 
changes in  the  elution ch arac te ris tic s  of the  DNA during  S -phase  and  the 
assoc ia ted  inception of DNA sy n th esis . B ased on  the re su lts  of B locher et 
aL  (1983) w ho found th e  sam e level of dsb  in duction  in  all th e  cycle 
p h a ses  u sing  the  n eu tra l velocity sed im en ta tion  technique, O kayasu  e t a l  
(1988) proposed  th a t  the  f lu c tu a tio n s  in  the  DNA elu tion  dose-response  
d u ring  S -phase  were due to th e  changes in DNA s tru c tu re  and  chrom atin  
conform ation  associated  w ith  DNA replication. The im plication w as th a t 
th e  rep lica tion  fork com plexes, p re s e n t  in  th e  m iddle of S -phase , could 
som ehow  w ith stan d  d isru p tio n  d u rin g  lysis and  th u s  d im in ished  elu tion 
w a s  o bserved . A dditionally , O k a y a su  e t a l  (1988) cou ld  find no 
corre la tion  betw een the  DNA e lu tion  dose-response and  cell killing in  the 
v a rious p h a ses  of the  cell cycle, co n tra ry  to Radford’s d a ta  (Radford and  
B ro a d h u rs t 1986).
B asically, the  two schools o f th o u g h t can  be reduced  to a  choice 
b e tw een  accep tin g  th e  n o n - lin e a r  d o se -resp o n se  of th e  a s s a y  a s  a 
reflection of the  underlying m ech an ism  of lesion induction  [e.g. B lazek e t 
a l  1989; Radford 1987b) o r considering  it a n  a rte fac t of th e  techn ique 
(O kayasu e t a l  1988; O kayasu and  Iliakis 1989).
1 .6 .3  Biphasic repair kinetics w ith  neutral elution
The n o n -dena tu ring  filter e lu tion  technique detects a  rep a ir  kinetic 
w hich  differs from  th a t  m easu red  b y  n e u tra l velocity sed im en ta tio n  and  
th is  h a s  g rea tly  c o n tr ib u te d  to  th e  con troversy: - n e u tr a l  velocity  
sed im en ta tio n  m easu res  a  sing le  slow  com ponent of d sb  rep a ir  w ith  a  
rep a ir  ra te  c o n stan t t i / 2  of 2 -4  h  ( B ryan t and  Blocher 1982; B lôcher and 
P oh lit 1982), w hereas n e u tra l  e lu tio n  s tu d ies  suggest b ip h a s ic  rep a ir
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k inetics w ith  a  considerably fas te r half-tim e of d sb  d isappearance  viz. 30- 
4 0  m in  (Kemp e t al. 1984). W hen com paring  th e  re s u lts  of th ese  two 
tec h n iq u e s  it sh o u ld  be b o rn e  in  m ind th a t  la rg e r d o ses and  longer 
in c u b a tio n  tim es are  generally  u se d  in  n e u tra l velocity  sed im enta tion  
s tu d ies  th a n  in  neu tra l elution assays.
The b ip h as ic  rep a ir  k in e tic s  of the  n e u tra l  e lu tio n  a ssa y  can  be 
in te rp re te d  to  re flec t two d is t in c t  rep a ir  c o m p o n e n ts  v iz . a n  in itial 
com ponen t reflecting fas t repa ir ( t i / 2 ~ 5  min) followed b y  a  slower repair 
c o m p o n e n t w ith  m u ch  lo n g er t i / 2  of 0 .5 -2  h  [e.g. W eib ez ah n  and  
Coquerelle 1981; Radford 1983; 1987; Rowley an d  K ort 1988; Swiegert 
e t  al. 1989). It is p lau s ib le  th a t  th e  slow  co m p o n en t of rep a ir  as 
m easu red  by n eu tra l elution, w ith  a  t i / 2  of 0 .5-2  h  could be sim ilar to the 
sing le  re p a ir  com ponen t of se d im e n ta tio n  s tu d ie s  ( t i / 2 =2 - 4  h). The 
e ssen ce  of th e  con troversy  how ever concerns th e  o rig in  of th e  rapid  
com ponen t of repair, w ith a  t i / 2  o f 2 - 1 0  m in, and  it  h a s  been  suggested 
th a t  th is  com ponent reflects ssb  ra th e r  th an  dsb  rep a ir on  accoun t of the 
very  rap id  k inetics (A hnstrôm ’s C om m ent on Radford 1985; H utch inson
1989). T he experim en ta l re p o rts  on  th is  m a tte r  a re  confusing ; Van 
A n k e ren  a n d  M eyn (1987) fo u n d  a  c o rre la tio n  b e tw ee n  th e  fa s t 
com ponent and  ssb  repa ir w h ereas Fox and  McNally (1988) could not. At 
le a s t  two s tu d ie s  of cells exposed  to hydrogen peroxide, p roficien t a t 
inducing  DNA ssb , would a rgue  ag a in st th is  idea (Bradley a n d  Kohn 1979; 
P rise  e t al. 1989b). The la t te r  a u th o rs  only d e tec ted  d sb  a t  a  high 
con cen tra tio n  of H2 O 2  a t  w hich  th e  induction  dsb  via closely spaced  ssb  
w as possible. T hese experim en ts do n o t however exclude th e  possibility 
t h a t  ssb , w hen  p re se n t in  co n ju n c tio n  w ith  dsb , cou ld  in c rease  the  
e lu tio n  by in c re a s in g  th e  flexibility  of the  DNA s t r a n d s  (A hnstrom 's 
C om m en t on  R adford  1985) o r by  m aking  th e  DNA s tr a n d s  m ore 
su scep tib le  to sh earin g  (Hayward 1974). The idea th a t  s sb  could affect
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DNA elu tion  rem ain s  p o p u la r  since  m any  of th e  con troversia l issu es  
su rro u n d in g  th e  n e u tra l  e lu tio n  a s sa y  are  resolved if th e  fa s t repa ir 
com ponent is considered  to reflect s sb  rejoining (H utchinson 1989).
A fu rther d iscrepancy  betw een th e  re su lts  ob tained  w ith  the  neu tra l 
e lu tio n  an d  n e u tra l velocity sed im en ta tio n  a ssay s concerns the  issue  of 
th e  rep a ir  ra te  in  th e  d ifferen t p h a se s  of the  cell cycle. B locher e t aL
(1983) and  Rydberg (1984) repo rted  com parab le  dsb  re p a ir  k inetics in 
a ll p h a se s  of th e  cell cycle, w h e reas  R adford (1987a) rep o rted  th a t  
m itotic  cells did n o t exhib it th e  sam e k inetics a s  G i, S or asynchronous 
cells as assayed by n e u tra l elution. In co n tras t to the  b iphasic  dsb  repair 
k in e tics  of G i,S  or a sy n ch ro n o u s cells, m itotic cells repa ired  w ith first- 
o rder kinetics w ith  a  t i / 2  th a t  exceeded the  slow com ponent of the  other 
cells (Radford 1987a). O n th e  b asis  of these  re su lts  R adford suggested 
th a t  th e  two com ponen ts of d sb  rep a ir  were due  to d ifferences in the 
ch rom atin  s tru c tu re  of DNA t e .  th e  dsb  in  euchrom atin  m igh t be repaired 
m ore rapidly  th a n  th o se  in  th e  tightly condensed  heterochrom atin . This 
a lso  lead Radford (1987a) to postu la te  the  existence of a  single dsb repair 
m echan ism , th e  ra te  of w h ich  is lim ited  by  th e  accessib ility  of repair 
enzym es to th e  DNA, in  c o n tra s t  to th e  m odel of W eibezahn  and 
Coquerelle (1981) in  w hich  two rep a ir m echan ism s w ere proposed [viz. 
fa s t ligation and  a  slower process, possibly recom bination).
1.7 Specific aims of this project
It is  c lea r th a t  th e  above co n tro v ersy  s u r ro u n d in g  th e  n o n ­
den a tu rin g  filter e lu tion  a ssay  covers m any fundam en ta l issu e s  concerning 
th e  biophysics of dsb  in d u c tio n  and  the  physico-chem ical m echanism s of 
d sb  repair. The aim  of th is  pro ject w as therefore an  a tte m p t to throw
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som e light on th is  problem  by tak in g  a  closer look a t  the  non-dena tu ring  
filter e lu tion  technique.
The stra tegy  adop ted  w as firstly  to  optim ise th e  lysis and  elu ting  
cond itions of the  n o n -d en a tu rin g  filter e lu tion  a ssa y  in  order to achieve 
m ax im u m  sen sitiv ity  of th e  a s s a y  a n d  good rep ro d u c ib ility  in  th e  
m easu rem en t of dsb  induction  a n d  repa ir in m am m alian  cells after X-ray 
exposure . The increased  sensitiv ity  w ould allow th e  repa ir of d sb  to  be 
followed over extended in cu b a tio n  tim es, te .  u p  to 8  h  post-irradiation , 
w h ic h  w ere com parab le  w ith  th o se  u se d  in  se d im e n ta tio n  or DNA 
u n w in d in g  s tu d ie s . D e ta ile d  d o se - re s p o n se  a n d  re p a ir  k in e tic  
investiga tion s were u n d e rta k e n  u s in g  th e  C hinese h a m ste r  ovary (CHO 
K l) w ild-type cell line  a n d  com pared  w ith  th o se  of a  X -ray sensitive  
m u ta n t  s tra in , x rs  5. The x rs  5 cell line w as chosen  on accoun t of its 
ch arac te ris tic  m arked  deficiency in  d sb  repair, yet norm al ability to rejoin 
ssb  (Kemp et a l  1984).
A nother app roach  w as to u se  DNA sy n th esis  inh ib ito rs, know n to 
in h ib it  d sb  rep a ir, in  o rd er to d e te rm in e  w h e th e r  th e  rep a ir  of the  
lesions detected  by n e u tra l e lu tion  w ere inh ib ited  to  th e  sam e ex ten t as 
d sb  rep a ir m easu red  by  n e u tra l velocity sed im enta tion . In th is  series of 
ex p erim en ts  a n o th e r  m am m alian  cell line viz. E h rlich  a sc ites  tu m o u r 
(EAT) cells w as utilised , su c h  th a t  th e  re su lts  could be directly com pared 
w ith  p rev ious investiga tions of th e  effect of th e  sam e DNA sy n th esis  
in h ib ito rs  on EAT cells, a s  a ssay ed  by  velocity sed im en ta tion  an d  DNA 
unw inding  (Bryant and  B locher 1982; Iliakis and  B ryan t 1983).
A th ird  s tra teg y  w as adop ted  in  w hich  re s tric tio n  endonucleases 
(RE) w ere u sed  to genera te  dsb  in cells an d  to  investigate the  ability  of 
th e  n e u tra l e lu tion  a ssa y  to de tec t these  dsb  an d  to  d istingu ish  betw een 
different types of dsb. The RE were in troduced  in to  th e  cells by m eans of 
th e  new ly developed e lectroporation  techn ique, w hich  h a s  proven to be
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e ff ic ie n t a n d  m ore  re lia b le  th a n  p re v io u s ly  u s e d  m e th o d s  of 
p e rm eab iliz a tio n  [e.g. in ac tiva ted  S endai v irus). F u rth e rm o re  various 
d ifferen t RE w ere u sed  to  d istingu ish  betw een e lu tio n  properties of DNA 
carry ing  b lu n t or cohesive-ended dsb . Lastly, th e  RE investigation  w as 
ex tended  to th e  x rs  5 cell line to  investigate  possib le  differences in  the  
rep a ir  of b lun t- or cohesive- ended dsb.
E ach  of th e  above issu e s  a re  dealt w ith  in  ind iv idual chap ters , and  
th e  significance of th e  re su lts  are  d iscussed  a t  th e  en d  of each. In the  
co nclud ing  c h a p te r  th e se  re s u lts  a re  d iscu ssed  in  th e  light of c u rre n t 
th eo rie s  concern ing  th e  n o n -d en a tu rin g  filter e lu tio n  a ssa y  for d sb  and  
finally , all th e  experim en ta l re su lts  a re  viewed to g e th e r  an d  possib le  
in te rp re ta tio n s  thereof a re  p u t  forward.
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2.1 Introduction
T he cell cu ltu re  a n d  rad ioactive labelling  protocols used  th ro u g h o u t 
th is  p ro jec t a re  described in  th is  ch ap ter. W here individual experim ents 
d iffered  from  th e  g en era l m e th o d s  d e sc rib e d  h e re , the  d e ta ils  a re  
p rov ided  u n d e r  th e  M ateria ls  an d  m e th o d s  sec tio n  of the  ind iv idual 
c h ap te r.
M ost im p o rtan tly  th is  c h a p te r  c o n ta in s  a  descrip tion  of th e  filter 
e lu tio n  tec h n iq u e  perfo rm ed  u n d e r  n o n -d e n a tu r in g  co n d itio n s, th e  
tec h n iq u e  w hich  form s the  backbone  of th is  pro ject. The m ethodology 
followed w as basica lly  th a t  of B radley an d  K ohn (1979). A lite ra tu re  
se a rc h  soon revealed th a t  m o st investigato rs u se  m ore or less th e  sam e 
m ethodology, b u t  th a t  very little  a tten tion  h a d  been  paid  to standard ising  
th e  d e ta ils  of th e  ex p e rim en ta l p ro to co ls . T he lack  of c o n se n su s  
re g a rd in g  th e  e x p e rim e n ta l p ro to co ls  is  p o ss ib ly  due  to v a rio u s  
investiga to rs who hold differing views a s  to th e  factors affecting elution, 
a s  m entioned  previously in  ch ap te r 1 (section 1 .6 ).
M ost w orkers agree th a t  th e  lysis and  e lu ting  conditions shou ld  be 
chosen  to achieve DNA th a t  is  ideally free of all bound  proteins and  hence 
h a s  lo s t all h ig h er-o rd er ch ro m atin  s tru c tu re , w h ich  could o therw ise 
m a sk  DNA dam age (Radford 1988). A u tho rs how ever disagree on how 
th is  shou ld  be achieved an d  th e  experim ental protocols u n d e r contention  
a re ; (a) th e  pH  a t  w h ich  th e  tech n iq u e  sh o u ld  be  perform ed, (b) the  
chem ical com position  of th e  lysis and  e lu tin g  so lu tio n s , (c) th e  u se  of 
p ro te o ly tic  en zy m es in  th e  ly sis  so lu tio n  a n d  (d) th e  ty p e  a n d  
co n ce n tra tio n  of d e te rg en t u se d  in  th e  lysis so lu tio n  an d  (e) th e  lysis 
tem p era tu re , (a) to (e) are d iscussed  in  g rea ter detail below.
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(a) The effect o f  pH
B radley and  Kohn (1979) found  th a t  the  DNA of cells th a t  h a d  been  
exposed  X -rays or re s tr ic tio n  e n d o n u c lea ses  exhib ited  m ore extensive 
e lu tion  a t pH 9.6 th a n  a t  pH  7.4, and  they  a ttrib u ted  th is  to m ore effective 
rem oval of p ro teins o r in te rfering  cellu la r m ateria l from  the  DNA a t  the  
h ig h er pH. This po in t of view is also held  by  Radford as explained in  h is 
re c e n t review artic le  (Radford 1988). On th e  o th e r h a n d  Tilby e t al.
(1984) and  E vans e t al. (1986) p roposed th a t  th e  g rea ter elu tab ility  a t  pH
9 .6  w as due to hydrolysis of alkali-labile bonds in  the  dam aged DNA w hich 
w ould n o t occur a t  norm al in trace llu la r pH. The recen t resu lts  of Flick e t  
al. (1989) suggest th a t  the  additional dsb  a t  pH 9 .6  are  in  fact the  p roduct 
of ex isting  ssb  an d  pH  9 .6-lab ile  s ite s  in  close proxim ity on th e  opposite 
s tra n d s . This issue , regard ing  th e  pH a t w hich  the  n o n -d en a tu rin g  filter 
e lu tion  a ssay  shou ld  be perform ed, rem ains largely unresolved an d  hence 
m an y  investigato rs ten d  to rep o rt th e ir  findings a t  b o th  pH values {e.g. 
S igdestad  e t a l  1987; V an A nkeren  and  Meyn 1987; Koval and  K azm ar 
1988a; Rowley an d  Kort 1988).
(b) Composition o f  ly s is  and  eluting solutions
As described  in  th e  o rig inal p a p e r of B rad ley  a n d  K ohn (1979), 
iden tica l so lu tions for th e  lysis and  elution s tep s were u sed  except for the  
add ition  of 0.5 m g /m l p ro te inase  K to  the  lysis so lu tion  ju s t  p rio r to  use . 
T h is so lu tion  consisted  of 0 .05  mol/1 tris, 0 .05  mol/1 glycine, 0 .025  mol/1 
NagEDTA and  0 .07  mol/1 SD S (2 %) ad justed  to e ither pH  9.6  or 7.4. Tris 
(tr is (hydroxym ethyl)m ethylam ine) an d  glycine w ere u se d  in  a  buffering  
capacity  while th e  Ca++ chelating  action  of EDTA (ethylenediam ine te tra - 
ace tic  acid) in h ib ited  th e  ac tio n  of n u c le ases  w h ich  w ould  o therw ise  
d eg rad e  th e  DNA. SD S (sod ium  dodecyl su lp h a te  o r so d iu m  lau ry l
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su lpha te ), a  strong  detergen t, w as u sed  to lyse th e  cells and  to free the 
DNA of prote ins.
S hortly  afterw ards R oss an d  B rad ley  (1981) repo rted  u sing  a  lysis 
so lu tio n  of above m en tioned  com position  b u t  s u b s ti tu tin g  th e  e lu ting  
so lu tio n  w ith a  buffer con ta in ing  0 .0 6  mol/1 TPAH (tetrapropylam m onium  
hydroxide) and 2 % SDS. W oods (1981) h ad  u sed  sim ilar lysis conditions 
b u t  a n  elution buffer of 0 .02  m ol/1 EDTA (free acid  form) an d  sufficient 
TPAH to give a  pH of 9 .6 . S u b se q u e n t s tu d ies  {e.g. K ohn e t al. 1980 ; 
Z w elling e t al. 1981; Iliak is  an d  O k ay asu  1988) have  u se d  v a rio u s 
com binations of the above reagen ts in  the  e lu ting  solution. O ther th a n  in 
a  s tu d y  by  Koval and  K azm ar (1988b), n o t m uch  a tten tio n  h a s  been  given 
to  th ese  variations in the  com position of the  e lu ting  solution. They in fact 
fou nd  th a t  th e  choice of e lu ting  so lu tion  (tris v e rsu s  TPAH) did affect the 
re su lts  obtained w ith the  n e u tra l elution assay  a t  bo th  pH values.
(c) Use o f  proteolytic e n zym es
P ro te inase  K, th e  enzym e m o st widely u se d  in  th e  n e u tra l e lu tion
■|a ssa y  is isolated from  th e  fu n g u s Tritirachium album  L im ber (Ebeling e t  |
al. 1974) and  is know n to  have  a  b road  and  pow erful proteolytic action  j
Iw hich  frees DNA of RNA, p ro te ins an d  degrading enzym es (Gross-Bellard ]Ie t  al. 1973). P ro teinase K w as found to have a  pH -optim um  in  the  range 3iof 7 .5 -12 .0  and  to be very active in  th e  presence of th e  detergen t SDS and 3im etal-chelating  EDTA (G ross-Bellard e t al. 1973), w hich  m akes it a n  ideal |1proteolytic enzym e for u se  in  th e  non -dena tu ring  filter e lu tion  technique. 4
P ronase is a  proteolytic enzym e th a t  h ad  been  u sed  in  th e  rigorous |1iso la tion  of DNA for th e  n e u tra l velocity sed im enta tion  techn ique (Blocher |
I1982) a n d  h en ce  w as a lso  in v es tig a ted . P ro n ase  is  iso la ted  from  |
S trep tom yces narensis  a n d  show s m axim um  activity a t  pH  7.5, b u t  h as j
1been  show n to be inactivated  by  EDTA (H iram atsu 1967). I
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Proteolytic enzym es like p ro te in ase  K or p ro n ase , are added to the 
lysis so lu tion  ju s t  p rio r to u se  to  avoid lo ss o f activ ity  due  to self­
d eg rad a tio n  an d  are  in c lu d ed  to  effect th e  rem oval of all DNA bound  
p ro te in s . B rad ley  a n d  K ohn (1979) rep o rte d  th a t  th e  p resen ce  of 
p ro te inase  K in  the  lysis so lu tion  significantly  increased  the  elution of the 
DNA from the filter a n d  therefore add ition  of p ro te inase  K w as adopted  as 
ro u tin e  practice  in  th e  n e u tra l  e lu tion  assay . R ecently  Sw iegert e t a l  
(1988) and  Kuo e t a l  (1987) how ever repo rted  evidence to th e  con trary  
i.e. th ey  found th e  p resen ce  of p ro te in ase  K to  have no  effect on the  
elution.
(d) D etergents and  ly s is  tem perature
The de te rg en t m o s t com m only u se d  in  th e  n o n -d e n a tu r in g  filter 
e lu tion  assay  is SDS ( sodium  laury l su lp h a te  or sodium  dodecyl sulphate). 
SD S is an  anionic d e te rg en t th a t  d e n a tu re s  cell m em branes an d  sp lits 
DNA-protein com plexes b u t does n o t in te rac t w ith  nucleic  acids because  
of its  negative charge (Noll and  S tu tz  1968). It is  also know n to reduce 
n u c le a se  activ ity  (M arm ur 1961) a n d  to  im pede th e  a d so rp tio n  of 
p ro te in s to hydrophobic su rfaces su c h  a s  th e  po lycarbonate  m em brane 
(Kohn e t a l  1980). T he SDS concen tra tion  of 0 .07  m ol/1 (2%) generally 
u sed  in  the  lysis so lu tion , rep re sen ts  a  2 0 -fold h igher concen tra tion  th an  
em ployed to d is ru p t p ro te in  a sso c ia tio n s an d  to m a in ta in  p ro te in s in  a  
d e n a tu re d  s ta te  for po lyacry lim ide  gel e le c tro p h o re s is  (W eber and  
O sborne 1969), It is therefore th o u g h t unlikely th a t  any  p ro te ins rem ain 
b o u n d  to the  DNA a t  th is  co n cen tra tio n  of d e te rg en t (Swiegert e t a l
1988).
In  co n tra s t, O k ay asu  e t a l  (1988) a ttr ib u te d  th e  c h a ra c te r is tic  
c u rv ilin ea r d o se -re sp o n se  curve  of th e  n o n -d e n a tu r in g  filte r e lu tion  
techn ique  to th e  incom plete  rem oval of the  DNA-bound p ro te in s by  SDS
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an d  p ro te in ase  K. O kayasu  a n d  Iliak is (1989) su b seq u en tly  rep o rted  
obtain ing  linear dose-response curves, im plying m ore effective rem oval of 
th e  pro teins, by  em ploying the  stronger lysis conditions of the u se  of NLS 
(sodium -N -laury l sa rcosine) ra th e r  th a n  SD S in  con junc tion  w ith  an  
in c re a se  in  th e  te m p e ra tu re  of ly s is  t r e a tm e n t  from  2 0  (room  
tem perature) to 60  ^C.
NLS, a n  am ide derivative of SDS, is  a lso  a n  an ion ic  de tergen t and 
a lthough  n o t m u ch  inform ation is available on  th e  action of NLS, a s  far as 
can  be gauged it is sim ilar to th a t  of SDS (Evans an d  G urd 1972; H elenius 
an d  Sim ons 1975). NLS h as  the  additional advantage of rem aining soluble 
u n d e r  sto rage cond itions a t  4 °C an d  a t  a  con cen tra tio n  of 0 .07  mol/1, 
w hereas 2 % SDS precip ita tes ou t of so lu tion  a t  th is  tem perature .
In  view of th e  lac k  of c o n se n s u s  re g a rd in g  th e  ex p erim en ta l 
protocols an d  th e  often opposing re su lts  ob ta ined  by  different a u th o rs , it 
w as deem ed n e ce ssa ry  to u n d ertak e  a  se ries of prelim inary  experim ents 
in  o rder to se lec t a  s ta n d a rd  p rocedure  to be  u se d  in  the  experim en ts 
reported  in  th is  th es is . The range of te s tin g  w as m ore or less lim ited to 
existing protocols a s  the  aim  of th is  pro ject w as to investigate th e  's ta te  of 
the  a rt' n o n -d en a tu rin g  filter elution technique.
2,2 General materials and methods
2.2.1 Cell culture, radioactive labelling and  irradiation
C hinese h a m s te r  ovary cells (line OHO K l) w ere rou tine ly  grow n in 
E agle 's m in im al e sse n tia l m edium  (MEM) su p p lem en ted  w ith  10 % v /v  
calf se rum  to  w h ich  100 pm o l/l FeClg h ad  been  added. The add ition  of 
FeCla w as n e ce ssa ry  to  sa tu ra te  the  high  levels of tran sfe rrin  p re se n t in
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c a lf  s e ru m  (MacLoed e t a l  1990). A sy n ch ro n o u s  p o p u la t io n s  of 
exponentially  growing cells w ere u se d  th ro u g h o u t, 75 cm2 p lastic  tissu e  
c u ltu re  flasks (Sterilin) were seeded  w ith  1 . 1 0 6  cells and  labelled w ith
3 .7  k B q /m l trltia ted  thym idine (1.59 TB q/m m ol). 1 jxmol/1 of unlabelled  
th y m id in e  w as added  to fac ilita te  u n ifo rm  u p ta k e  of th e  rad ioactive  
thym idine (^H-TdR). After the  flasks h a d  been  gassed  w ith 5 % CO2  and 
sealed, they  were incubated  a t 37 for 48  hours.
After try p sin iza tio n  (0.5 g/1 try p s in  an d  0 .2  g/1 EDTA) cells were 
re su sp e n d e d  in  MEM to  a  cell c o n ce n tra tio n  of 1 .5 -3 . 1 0 6  /m l. 3 ml 
a liquo ts of th e  cell su sp en s io n  w ere p laced  in 5 ml p lastic , b ijou  bo ttles 
an d  gassed  w ith  5% CO2  before sealing. The sam ples were th e n  placed 
on  ice and  allowed to equilibrate to 4 before irradiation.
Cells w ere exposed to X -rays (250 kVp, 14 mA a n d  0 .5  m m  Cu 
filtration) a t  4 °C and  a t  a  dose-ra te  of 5 .8  G y/m in . Doses w ere checked 
by  ferrous su lp h a te  dosim etry  (F rankenberg  1969). After irrad ia tio n  the 
cells were re tu rn ed  to ice and  k ep t a t  4  °C for the  n eu tra l elu tion step .
2 .2 .2  N on-denaturing fil te r  elution
T he n e u tra l  e lu tion  a p p a ra tu s  c o n s is ted  of 10 reserv o irs  (50 ml 
syringe  b a rre ls) each  a tta c h e d  to a  Sw innex  filter h o ld er (Millipore), 
w h ich  cou ld  su p p o r t  a  0=25 m m  po ly ca rb o n ate  filter. A low speed  
peris ta ltic  pum p  w ith  1 0  sam pling  lines, w as ad ju sted  to give a  c o n s tan t 
flow-rate of 2-3 m l/h .
P o lycarbonate  filters (Nucleopore) w ith  2 pm pore size w ere u sed  
th ro u g h o u t. 2  pm  is th e  m o st w idely u se d  pore size in  th e  filter e lu tion  
tech n iq u e  even th o u g h  K ohn (1986) found  th a t  varying th e  po re  size 
betw een  0 .45 -5  pm  h ad  little  o r no  effect on the  e lu tion  k in e tics  of X- 
irrad ia ted  cells. Polycarbonate  filters w ere u sed  since th ey  have  a  low 
capacity  for p ro te in  adso rp tion  (Kohn e t  al. 1980).
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In  general (the deta ils  a re  d iscu ssed  la te r  in  th is  chap ter), th e  cell 
sam p les were d ilu ted  in  approxim ately  1 0  ml ice-cold p h o sp h a te  buffered 
sa lin e  (PBS), poured  in to  th e  reserv o irs  an d  allow ed to  d rip  th rough  
u n d e r  gravity, an d  in  so doing loading th e  cells onto th e  polycarbonate 
filters. T he n u m b er of cells p e r  filter w as s ta n d a rd ise d  a t  th e  relatively 
low n u m b er of S .lO ^/filter to  en su re  th a t  the  DNA s tra n d s  of various sizes 
b e h a v e d  in d e p e n d e n tly  (B rad ley  a n d  K ohn 1979), a l th o u g h  my 
p re lim inary  d a ta  show ed th a t  twice th a t  n u m b er t e .  1 . 1 0 ® cells per filter 
did  n o t adverse ly  affect th e  e lu tio n  p ro p erties  of irra d ia te d  DNA. A 
fu r th e r  10 ml of ice-cold PBS w as added, ju s t  before th e  previous volume 
h a d  d ripped  th rough , to rin se  th e  cells. Once the  second  volum e of PBS 
h ad  flowed o u t u n d e r  gravity, th e  Sw innex ho lders w ere rem oved and  1 
m l of th e  lysis so lu tion  (com position to be d iscussed  la te r  in  th is  chapter) 
w as gen tly  p ipetted  in to  th e  sp ace  above the  filter. A fter 1 h  a t  room 
tem p era tu re  or 60  th e  Sw innex holders, w hich h a d  b een  stoppered  to 
p reven t evaporation  of th e  lysis so lu tion , were rea ttach ed  to  th e  funnels. 
40  m l of e lu ting  buffer (com position to be d iscussed  la te r  in  th is  chapter) 
w as pou red  in to  th e  reservo irs an d  th e  elution in itia ted  w ith  th e  pum ps 
se t a t  a  flow-rate of 2-3 m l/h . In m ost experim ents th e  volum e resu lting  
from  th e  firs t h o u r  of e lu tion  (3 ml) w as collected a s  th e  firs t fraction, 
followed by  the  collection of 3  hourly  fractions over 15-17 h.
10 m l O ptiphase MP (LKB) w as added to each  of th e  fractions, which 
w ere vortexed  a n d  th e  rad io ac tiv ity  p e r sam ple  d e te rm in ed  by  liquid 
sc in tilla tio n  co u n tin g  in  a  LKB R ack b e ta  sc in tilla tio n  co u n te r. The 
p o ly ca rb o n a te  f ilte rs  w ere  rem oved  from  th e  S w innex  h o ld e rs  and  
thorough ly  vortexed in  5 m l F ilter C oun t (Packard) before counting .
'E lu tio n  p ro files ' w ere  o b ta in e d  by  c a lc u la tin g  th e  frac tio n  of 
rad ioactiv ity  th a t  rem a in ed  on  th e  filter a t th e  end of each  collection 
tim e. The first fraction, w hich  con tained  lysis debris a n d  un incorpora ted
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rad ioactive label w as n o t included  in  th is  calcu lation . A ssum ing th a t the 
DNA h a d  ta k e n  u p  th e  ^H -TdR in  a  un ifo rm  m an n e r, th e  fraction  of 
rad ioactiv ity  re ta ined  reflects th e  frac tion  of DNA reta ined . The fraction 
of DNA eluted w as th u s  ob tained  u sing  the  formula:
[ l - f l l -d - fc l
w here fj = fraction of radioactiv ity  re ta ined  after 16 h  of elu tion  in 
the  trea ted  (e.g. X -irradiated) cell sam ple and  
fc = fraction of radioactivity  re ta ined  after 16 h  of elu tion in 
the  u n trea ted  cell sam ple.
2.3 Results and discussion of preliminary non-denaturing filter
elution experiments
2.3.1 Radioactive labelling
Radioactive labelling of th e  DNA w ith  ^H-TdR or i^C-TdR (tritiated or 
-thym idine) w as n e ce ssa ry  for th e  detection  a n d  q u a n tita tio n  of the 
DNA in  each  e lu ted  fraction. Cycling CHO cells were u sed  w hich readily 
inco rpora te  thym id ine and  therefo re  th e  radioactive label in to  the  newly 
sy n th esised  DNA d u rin g  S -p h a se  of the  cell cycle. However, once the  
label h a s  been  tak en  up  th e  DNA is exposed to th e  in te rnal J5-rays em itted 
du ring  th e  decay  of e ith e r o r w hich could re su lt In DNA dam age 
[e.g, Dikomey a n d  F ranzke 1986). l^C  w as found to  be  less dam aging to 
th e  DNA per d is in te rg ra tio n  th a n  by  v irtue  of the  different ranges of 
th e  em itted  P -p a rtic le s  (Jo rg e n se n  e t a l  1987). An op tim isa tion  w as 
th ere fo re  so u g h t be tw een  su ffic ien t rad ioactive  label to e n su re  good 
sc in tilla tion  coun ting  s ta tis t ic s  for each  fraction  an d  a  level of labelling 
th a t  w ould n o t increase  th e  b ack g ro u n d  level of e lu tion  t e .  th e  fraction 
e lu ted  in  th e  u n tre a te d  (or control) cells. CHO cells w ere in cuba ted  for
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48  h  in  the  presence  of various am o u n ts  of radioactive thym idine (^H-TdR 
a n d  i^C-TdR) a n d  th e  re su lts , m easu red  by filter e lu tion  a t  pH 9.6, are 
show n in  Table 2.1.
Radioactivity
(kBq/m l)
Fraction o f Re­
activity eluted
Fraction of ^Re­
activity eluted
1.85 0.08  +/- 0.01 0.08 +/- 0.01
3 .70 0.06 +/- 0 .00 0.06  +/- 0.01
7.40 0.05  +/- 0.01 0.05 +/- 0 .00
11.10 0.04 +/- 0.01 0.05 +/- 0.01
Table 2.1 The fraction of radioactivity eluted (at pH 9.6) for CHO cells that had been Incubated In the presence of increasing amounts of radioactive thymidine for 48 h.
The outcom e w as ra th e r  su rp ris in g  in  th a t  an  increase in  the  am oun t 
of radioactive thym idine, for b o th  ^H-TdR and i^C-TdR, caused  a  decrease 
in  backg round  e lu tion  level (i.e. the  fraction of u n trea ted  DNA eluted). A 
possib le  exp lanation  for th is  tendency  is th a t  w ith  increasing  am o u n ts  of 
radioactiv ity , added  a s  label, th e  con tribu tion  of the background  coun ts 
(coun ts reg is te red  in  th e  ab sen ce  of a  rad ioactive  source) to th e  to ta l 
co u n ts  m easu red  p er fraction  is d im inished. T hus, relative to the  am oun t 
of rad ioactiv ity  de tec ted  on th e  filter, th e  am o u n t of radioactiv ity  eluted 
(to ta l c o u n ts  p e r  frac tion ) w ould  seem  to d ec rea se  w ith  in c re a s in g  
am o u n ts  of radioactive label.
i^C-labelling w as n o t show n to be advantageous over ^H-labelling and 
since a  labelling concen tra tion  of 3 .7  kB q /m l gave sufficiently h igh  counts 
in  each  fraction , i t  w as  decided  to s ta n d a rd ise  on labelling th e  seeded 
flasks (at 1 . 1 0 6  CHO cells) w ith  3.7 kB q /m l ^H-TdR or i^c-T dR  for 48 h.
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2 .3 .2  Composition o f  the  lys is  and  eluting solutions
The pH of the  lysis a n d  e lu ting  so lu tions co rresponded  in  all n eu tra l 
e lu tio n  experim en ts e.g , w hen  the techn ique  w as perform ed a t  pH 9.6  
b o th  th e  lysis and  elu ting  so lu tions were ad justed  to  th a t  pH and  similarly 
for pH  7.4. Fig. 2.1 show s th e  e lu tion  k inetics of u n irrad ia ted  and  X- 
irrad ia ted  (to a  dose of 20  Gy) CHO cells a t  pH 9.6. T he cells were lysed 
for 1 h  a t room  tem p era tu re  in  a  solution contain ing  0 .05  mol/1 tris, 0.05 
m ol/1 glycine, 0 .025 mol/1 NaaEDTA, 2 % SDS and  0 .5  m g /m l proteinase 
K. E lu tion  of the  DNA w as perform ed using  e ither a  tr is  so lu tion  (viz. the 
ly sis  so lu tio n  w ith o u t th e  p ro te in ase  K) or a  TPAH buffer (0.02 mol/1 
EDTA, free acid and  -0 .0 6  m ol/1 TPAH).
1
tris solutionunirradiated8
gQ 0.9-
"S
1 ..,.
TPAH buffer
20 Gy
1 0 15 2050 Tim e o f  elu tion  (h)
Figure 2.1 The neutral elution profiles (pH 9.6) of unirradiated and X-irradiated (20 Gy) CHO cells eluted with a tris solution or a TPAH buffer, following fysis at room temperature for 1 h.
T here is clearly  little  difference betw een th e  e lu tio n  profiles of the  
u n irra d ia te d  cells, th e  so-called  background  elu tion  profiles. The TPAH 
e lu tion  buffer resu lted  in  g rea te r elu tion  of the  X -irradiated DNA (Le. less 
DNA re ta in e d  on th e  filter) th a n  th e  tr is  so lu tion , w ith o u t d rastica lly  
a lte rin g  th e  sh ap e  of th e  profile. It w as therefore decided  to u se  the  
TPAH elution buffer in  all su b seq u e n t experim ents.
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2 .3 .3  Proteolytic e n zy m e s
M ost investigators u se  0 .5  m g /m l p ro teinase  K, freshly  dissolved, in a 
lysis so lu tion  co n ta in in g  0 .05  mol/1 tris , 0 .05  m ol/1 glycine and  0.025 
m ol/1 Na2 EDTA. In  th e  following experim ent, th e  effect of doubling the 
pro te inase  K concen tra tion  in  a  lysis so lu tion  con tain ing  0 .07 mmol/1 SDS 
(0.002% ) a n d  of in c re as in g  th e  SDS c o n ce n tra tio n  1000-fold to 0 .07 
m ol/1 (2%) w as com pared  (Fig. 2.2). U n irrad ia ted  an d  X -irrad iated  (60 
Gy) CHO cells w ere lysed for 1 h  a t 20  ^C.
1 unirradiated
% 0.8 - 
IÛ  0.6-
0
1  0 " -
L . . -
60 Gy
10 205 150
0.5 mg/ml + 0.002% SDS
1 mg/ml + 0.002% SDS
0.5 mg/ml + 2 % SDS
Tim e o f e lu tion  (h)
Figure 2.2 The neutral elution (pH 9.6) profiles comparing the effect of various concentrations of proteinase K in conjunction with various SDS concentrations in the lysis 
solution. Unirradiated and X-irradiated (60 Gy) CHO cells were lysed for 1 hour at 20 °C.
Clearly th e  h igher concen tra tion  of p ro te inase  K in  the  lysis solution 
(contain ing  0 .002  % SDS) im proved the  ex ten t of DNA elu tion  for the  X- 
irrad ia ted  CHO cells (60 Gy) a t  pH 9.6, b u t  th e  b e s t re su lt w as obtained 
w hen  0 .5  m g /m l p ro te in ase  K w as u sed  in  con junction  w ith  the  h igher 
SD S co n cen tra tio n  of 0 .0 7  m ol/1 (2 %). Fig. 2 .2  a lso  show s a  m arked 
im provem ent in  th e  e lu tion  of the  DNA w hen th e  SDS concen tra tion  in  
th e  lysis solution w as increased  to 2  %, w ithou t a  concom itant increase  in
MATERIALS AND METHODS/ 4 2
th e  background  elu tion  value. This finding is in  d isagreem ent Iliakis and  
O kayasu  (1988), w ho suggested  a  red u c tio n  in  th e  SDS concen tra tion  in 
th e  lysis so lu tion  from 2  % to 0 . 0 0 2  % since they  found th a t  th is  did no t 
affect the  e lu tion  p roperties of the  DNA in  CHO cells b u t  did significantly 
reduce  the  background  elu tion  values (in th e  un irrad ia ted  sam ples). The 
only obvious difference in  the  m ethod of Iliakis and  O kayasu  (1988) and  
th e  one described  here, w as their u se  of a  tr is  elu ting solution ra th e r  th an  
th e  TPAH buffer, b u t  it is  n o t obv ious how  th is  cou ld  exp la in  the  
d isc rep a n cy  in  th e  re s u l ts  p re se n te d  h e re  w ith  th o se  of th e  above 
m en tioned  a u th o rs . The com bination  of 0 .07  mol/1 SDS (2 %) a n d  1 
m g /m l p ro te in a s e  K in  th e  ly sis  so lu tio n  w as n o t  te s te d , s ince  
optim isation  of the  lysis conditions in  general u se  w as sought. T his would 
en su re  th a t  th e  re su lts  obtained in th is  s tu d y  were com parable to those  of 
o th er investigators. It w as th u s  decided to u se  0.5 m g /m l p ro te inase  K 
an d  2 % SDS in  the  lysis solution th roughou t.
The e lu tion  profiles a t  pH 9.6 of u n irrad ia ted  an d  X -irrad iated  (10 
a n d  50 Gy) CHO cells, a fter lysis for 1 h  a t  room  tem p era tu re  in  the  
p resen ce  of 2 % SDS a n d  equal co n cen tra tio n s  of e ith e r p ro te in ase  K 
(Sigma) or p ronase  (CalBiochem), freshly  dissolved, are show n in Fig. 2.3.
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Figure 2.3 The neutral elution (pH 9.6) profiles of unirradiated and X-irradiated (10 and 50 Gy) CHO cells comparing equal concentrations of two proteolytic enzymes, proteinase K and pronase, freshly dissolved in the lysis solution containing 2 % SDS.
The re s u lts  (Fig. 2.3) show  very little  difference in  th e  e lu tab ility  of 
th e  DNA of X -irradiated  (10 and  60 Gy) ceUs lysed w ith  e ither 0 .5  m g /m l 
p ro te inase  K or pronase. As no th ing  w as gained by su b s titu tin g  pro teinase 
K w ith  p ro n ase , it w as decided to  u se  p ro te inase  K th ro u g h o u t. Once 
ag a in , th is  w ould  e n su re  co m p arab ility  w ith  th e  fin d in g s of o th e r 
investigators.
2 .3 ,4  The effect o f  pH
The e lu tion  profiles of X -irradiated  CHO cells (20 Gy) a t  v a rio u s  pH 
v a lues are  show n in Figure 2.4. The cells w ere lysed for 1 h  a t  2 0  ^0  in 
lysis so lu tion  containing 2 % SDS an d  freshly  dissolved p ro te inase  K a t a  
concen tra tion  of 0 .5  m g/m l.
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Figure 2.4 The effect of pH on the elution profiles of unirradiated and X-irradiated (20 Gy) 
CHO cells, lysed for 1 h at 20 °C in the presence of 0.5 mg/1 proteinase K and 2 % SDS.
For rea so n s  no t understood , the  n eu tra l pH of 7 .0  cau sed  degradation 
of th e  freed DNA evidenced by  the  increasing  fraction of th e  un irrad ia ted  
DNA e lu ted  over the  16 h  e lu tion  period. Once the  pH  w as increased  to
7 .4  th e  e lu tion  profiles re tu rn e d  to ’norm al'. From  Fig. 2 .4  i t  can  be seen 
th a t  m arg inally  increased  e lu tion  of th e  DNA w as achieved a t th e  higher 
pH  of 9 .6  w ithou t a  concom itan t effect on controls. T he effect of the  pH 
on  th e  re s u lts  ob tained  w ith  th e  n e u tra l  e lu tion  a s sa y  is  d iscu ssed  in 
g rea te r de ta il in  C hapter 3.
2 .3 .5  D etergents and  lysis tem perature
The effect of various de te rgen ts on  the  elution k inetics of DNA a t  pH
7 .4  a n d  9 .6  w as in v e s tig a te d  in  c o n ju n c tio n  w ith  e levated  lysis 
tem p era tu re , since these  two factors w ere found to be  closely linked.
O k ay asu  an d  Iliak is (1989) h a d  reported  an  im proved  (increased) 
e lu tion  ra te  by  replacing SDS in  the  lysis solution w ith  th e  detergen t NLS, 
a n d  by  in c reasin g  the  lysis tem p era tu re  from room  tem p era tu re  (20 °C) 
to  6 0  o c . It w as th o u g h t n ecessa ry  to verify these m ajor a ltera tions in the
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lys is trea tm en t. The resu lting  e lu tion  profiles, a t  bo th  pH 7.4  an d  9.6, of 
CHO cells exposed to 20  Gy X -rays a n d  lysed for 1 h  in  the  presence  of 
e ith e r  SD S (Sigma Chem icals) o r NLS (Sigma Chem icals) a t  20  °C are 
show n in  Fig. 2.5 (a) and  after lysis a t  60 °C in  Fig. 2 .5  (b).
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■g 0.90 -fH <g  0.80 - 
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Figure 2.5 The effect of the detergents SDS and NLS, used in the lysis solution, on the elution profiles at pH 7.4 and 9.6 of the DNA of CHO cells exposed to 20 Gy X-rays and lysed 
for 1 h at either (a) room temperature (20 OQ) or (b) at 60 ^C.
A t th e  lysis tem p era tu re  of 2 0  ®C (Fig. 2.5a) m ore rap id  e lu tion  was 
o b ta in ed  u sing  SDS a t  pH 7.4, w hereas the  two de tergen ts gave identical
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e lu tio n  profiles a t  pH  9 .6  (the two g rap h s  a re  su p e rim p o sed ). By 
com paring panels (a) and  (b) of Fig. 2.5 it can  be seen  th a t  in  all cases {te. 
u s in g  e ither detergent) m ore rap id  elution w as achieved a fte r lysis a t the 
e levated  tem p era tu re  of 60  for 1 h . The b ack g ro u n d  e lu tion  values 
w ere found  to  be s im ila r a t  b o th  tem p era tu res  of lysis tre a tm e n t. This 
increased  elution a t  60  could be due to hea t labile sites in  th e  damaged 
DNA th a t  w ould lead  to  th e  form ation  of add itional d sb  a t  th e  elevated 
te m p e ra tu re  (1st L.H. G ray W orkshop). From  Fig. 2.5(b) it can  be seen 
th a t  increased  e lu tion  w as ob tained  w ith  NLS ra th e r  th a n  SDS a t  bo th  pH 
values after lysis trea tm en t a t  60  °C.
2.4 Conclusions
The pu rpose  of te s tin g  th e  various lysis and  e lu ting  pro tocols w ithin 
th e  range  of conditions generally  in  use , w as an  a ttem p t to  m axim ize the 
sensitiv ity  of the  n o n -d e n a tu rin g  filter e lu tion  assay . C ond itions were 
so u g h t th a t  w ould en h an ce  th e  ex ten t of e lu tion  of irrad ia ted  DNA, b u t 
th a t  w ould no t significantly a lte r the  shape  of the e lu tion  profiles. This is 
b a se d  on  th e  a ssu m p tio n  th a t  sh o u ld  th e  a lte re d  ly sis  o r e lu tion  
cond itions change th e  physico-chem ical p roperties of th e  DNA, it would 
be m anifested  as a  change in  the  elu tion  kinetics.
A fter c o n s id e ra tio n  of th e  re s u l ts  o b ta in ed  in  th e  experim en ts 
described  in  th is  ch ap ter, it  w as decided to s ta n d ard ise  on  th e  following 
experim en tal protocol: CHO cells, seeded a t 1.10® cells pe r flask, were
labelled vdth  3.7 k B q /m l tritia ted  thym idine and  a n  equ im olar am o u n t of 
un labelled  TdR (1 pm ol/l) for 48  h. Cells were irrad ia ted  in  su spension  
in  MEM a t a  concen tra tion  of 2 -3 .105 /m l. 5.10^ cells, d ilu ted  in  ice-cold 
PBS w ere deposited  on  each  po lycarbonate  filter (2 jum pore size). The
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lysis conditions entailed  in cu b a tio n  of th e  cells for 1 h  a t  60  in 1 ml of 
lysis so lu tion  contain ing ; 0 .0 2 5  mol/1 N a2 EDTA, 0.1 m ol/1 glycine and  
0 .07  m ol/1 NLS (ad justed  to  e ith e r pH 7 .4  o r 9.6) a n d  freshly  dissolved 
p ro te in ase  K a t 0 .5  m g /m l. T he DNA w as e lu ted  w ith  40  m l of elution 
bu ffer consisting  of 0 .0 2  m ol/1 EDTA (free acid  form) an d  ~0.05 mol/1 
TPAH and  ad justed  to pH  7 .4  o r 9 .6  w ith TPAH. A flow ra te  of 3 m l/h  was 
m ain ta ined  and  3 hourly  frac tions collected over a  15-17 h  elution period.
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3.1 Introduction
3 .2 .1  D ata representation
A  fu rth er unresolved  a sp ec t of th e  n e u tra l elution technique h a s  been 
th e  m an n e r of d a ta  rep resen ta tion .
T he in itial ap p ro ach  w as to p re s e n t  the  com plete se ries of e lu tion  
profiles ob tained  (Bradley a n d  K ohn 1979), b u t  sim pler rep re sen ta tio n s  
w ere so u g h t in  w h ich  a  p roperty  of th e  e lu tion  profile, ra th e r  th a n  the  
w hole  profile is  p lo tted  a g a in s t a  c h o sen  variab le  [e.g. dose o r repa ir 
tim e). The n eu tra l e lu tion  profiles a re  n o t linear (on a  plot of log [fraction 
o f DNA re ta in e d ] v e rs u s  e lu tio n  tim e) a n d  th e re fo re  it  w as n o t 
im m edia te ly  ev iden t w h ich  p ro p erty  of the  e lu tion  profile w ould be the  
b e s t  m easu re  of th e  a ssay . It is obvious from th e  lite ra tu re  th a t  great 
v a ria tio n  exists in  th e  c rite ria  by  w h ich  the  inform ation is ex tracted  from 
e lu tio n  profiles. In  th e  ea rlie s t re p o r ts  on th e  n o n -d e n a tu r in g  filter 
e lu tio n  assay , th e  a u th o rs  chose sim ply  to p lo t th e  frac tio n  of DNA 
re ta in ed  on th e  filter a fte r a  specified elu tion  tim e as a  function  of X-ray 
dose or incuba tion  tim e (Bradley an d  Kohn 1979; W oods 1981; Ross and 
B rad ley  1981).
An in te rna l s ta n d a rd , i.e. cells irrad ia ted  to a  fixed dose an d  added to 
e ach  sam ple, is often employed in th e  n eu tra l elution a ssay  to com pensate 
fo r v a ria tio n s  th a t  m ig h t o ccu r b e tw een  sam p lin g  lin e s . In te rn a l 
s ta n d a rd s  u su a lly  co n sis t of ^H -labelled cells w hich can  be d istingu ished  
from  th e  te s t  cells labelled  w ith  1% , B radley and  Kohn (1979) employed 
a n  in te rn a l  s ta n d a rd  in  th e ir  in it ia l  ex p erim en ts  to  d e te rm in e  the  
rep roducib ility  of th e  assay , b u t  th ey  did no t incorporate  th ese  values in 
th e  calcu lation  of th e ir  e lu tion  resu lts . M any investigators have u tilised an  
in te rn a l  s ta n d a rd  (of ^H -labelled  cells) to  co m p en sa te  for sam p lin g  
v a ria tio n s  by  u s in g  th e  e lu tion  ra te  of the  ^h-DNA to define a  corrected
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tim e scale for th e  e lu tion  of th e  te s t  DNA (Zwelling et a l  1981; V an der 
S c h a n s  e t a l  1983; G oldenberg an d  F roese 1985; W lodek and  H ittelm an 
1987; Fox and  McNally 1988; K elland e t  a l  1988). A sim ilar procedure  
h a d  routinely  been  u sed  to p re se n t alkaline  elu tion  d a ta  and  is described 
in  detail in  Kohn e t a l  (1980).
Radford (1983) took  th is  p rocedu re  one s tep  fu rth e r and  u se d  % -  
labelled  cells a s  a n  in te rn a l reference  t e .  h is  d a ta  were expressed  as 
relative elution values ob tained  from the  ratio:
to ta l c.p.m . elu ted  after 17 h 
RE = _______ _________________________
to tal c.p.m . elu ted  after 17 h
He reported  th a t  in  so doing th e  reproducibility  of the  a ssay  w as m arkedly 
im proved.
O ther a u th o rs  {e.g. W eibezahn  a n d  Coquerelle 1981; M aki e t a l  
1986; W lodek and  H itte lm an 1987; Coquerelle e t a l  1987) have u sed  the 
te rm  relative e lu tion  to describe th e  logarithm ic relationship:
RE = - log (xi/xc)
w here  I refers to irrad ia ted  a n d  C to u n irrad ia ted  or contro l cells. The 
two above m entioned a u th o rs  however differed in  the ir assigna tion  of the 
variab le  x. For W lodek a n d  H itte lm an  (1987) x  w as th e  frac tion  of DNA 
left on  th e  filter w hen  25  % of th e  in te rn a l s ta n d a rd  h a d  b een  elu ted , 
w hereas for W eibezahn a n d  Coquerelle 1981 an d  Maki e t a l  (1986) x  was 
th e  m ean  value of th e  percen tage DNA reta ined  in  th e  filter [te . th e  m ean 
of th e  p e rcen tag es  of DNA re ta in e d  of all th e  frac tions). T he la tte r  
a u th o rs  had  n o t included  th e  u se  of an  in ternal s tandard .
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M ore recen tly . P r ise  e t  al. (1989a) in tro d u c e d  a n  even m ore 
com plicated  concept, th a t  of rela tive log elu tion  (RLE) in  an  a ttem p t to 
o b ta in  linear induction  curves for th e  non-denatu ring  filter assay.
A nother function  w hich  is  u se d  to  charac terise  relative n u m b ers  of 
DNA s tra n d  b reak s, a s  a ssay ed  by  n o n -d en a tu rin g  filter elu tion , is the  
s tra n d  scission  factor (SSF), w hich can  be obtained in  a  n u m b er of ways:
SSF = - ln(fi/fc) a s  does Swiegert e t al. (1988) or
SSF = - log(fi/fc) a s  does M urray e t a l  (1988b) or
SSF = I (fj/fc) I a s  does Sigdestad et a l  (1987)
w here  fj and  fc are  fractions of DNA rem ain ing  on the  filter after x  ho u rs
o r vo lum e e lu ted  for th e  ir ra d ia te d  (I) an d  u n irra d ia te d  (C) sam p les 
respectively (once again  w ithou t th e  inclusion  of an  in te rn a l standard).
N either did Iliakis an d  O kayasu  (1988) u se  a n  in te rn a l s tan d ard  and  
th e y  chose  sim ply  to p lo t th e  frac tion  of DNA e lu ted  a fte r x  h o u rs  of 
e lu tio n  ag a in s t dose, w here  th e  frac tio n  of DNA e lu ted  is ob tained  by  
tak in g  [1 - fraction of DNA retained] a n d  sub trac ting  the  fraction eluted in 
th e  u n irrad ia ted  sam ple [le. th e  background  elution values).
M ayer et a l  (1986; 1989) ob tained  linear elu tion  profiles u n d e r non ­
d e n a tu r in g  cond itions a n d  therefo re  could u se  th e  m ean  slope of each  
profile a s  the  chosen  param eter.
All the  above-m entioned exam ples serve to illu stra te  th a t  no s tan d ard  
a p p ro ach  to  d a ta  rep re sen ta tio n  h a s  been  adopted for th e  non-denatu ring  
filter e lu tion  technique. T his is  possibly due to th e  lack  of understand ing  
of th e  physico-chem ical m echan ism  of n eu tra l e lu tion  a n d  hence the  lack 
of c o n sen su s  of how  to in te rp re t and  b e s t rep resen t the  resu lts .
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A nother aspect of n e u tra l e lu tio n  w hich is problem atic is th e  lack  of 
a c c u ra te  calibration . T here is  very  s tro n g  evidence ind ica ting  th a t  the  
ex te n t of elu tion  of th e  DNA reflec ts  n u m b ers  of dsb (Bradley an d  Kohn 
1979), b u t  un like  n e u tra l  ve loc ity  se d im en ta tio n  (B locher 1982) no 
a b so lu te  num bers of d sb  can  be  ex trac ted  from  the re su lts . Radford and  
H odgson  (1985) and  Peak e t al. (1988a) have a ttem pted  to  ca lib ra te  the 
n e u tra l  e lu tion  m ethod u s in g  I25i_ u d R  (labelled deoxyuridine), on  the  
b a s is  th a t  each  I25l decay  p ro d u c e s  on  average one DNA d sb . After 
in c o rp o ra tio n  of th e  l2 5 i  in to  th e  DNA, th e  cells w ere allow ed to 
a ccu m u la te  a  known n u m b er of decays and  therefore pu tative  d sb  during  
liqu id  n itrogen  storage. U sing a n  estim ated  average DNA c o n te n t of the 
cell line an d  a X-ray dose th a t  gave a n  equivalent [fraction of DNA eluted] 
v a lue  to  th a t  observed for th e  know n n u m b er of i25i_(iecays, tlie  b reakage 
efficiency values, vtz. th e  n u m b er of dsb /genom e/G y , could be calculated . 
T he v a lu es  obtained  in  th is  m a n n e r  were co n sis ten t w ith  th e  estim ates 
o b ta in e d  from  n e u tra l velocity  se d im e n ta tio n  (L ehm ann a n d  S tevens 
1977; B locher 1982; A hnstrom  a n d  B ryant 1982).
In  general the  ca lib ra tio n  of th e  n e u tra l e lu tion tech n iq u e  h a s  not 
b e en  w idely im plem ented, probably  b ecau se  I25i was found  to give a  linear 
d sb  ind u ctio n  curve a s  com pared w ith  a  curvilinear X -ray induction  curve. 
T h is  difference in the  shape  of th e  induction  curves form s p a r t  of th e  on­
go ing  a rg u m e n t a s  to th e  a c tu a l n a tu re  of the  le s io n s /d s b  th a t  are 
d e tec ted  by  th is  assay. The final outcom e is th a t the n o n -d en a tu rin g  filter 
e lu tion  technique is m ostly  u sed  a s  a  com parative assay  of relative levels of 
dsb.
3 .1 .2  D ose-response curves
M any a u th o rs  ob tained  a  lin ear dose-response curve for X -ray doses 
in  th e  ran g e  10 - 200  Gy (Ross a n d  B radley  1981; W eibezahn  and
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C oquerelle  1981; W oods 1981; M ak i e t al. 1986; M ayer e t a l  1986; 
S igdestad  e t al. 1987; M urray  e t aL 1988b). Those investigators however 
w ho a ttem p ted  m easu rem en ts  below  10 Gy, found a  sh o u ld e r in  th is  low 
dose region  (e.g. Ross an d  B rad ley  1981; W oods 1981; S igdestad  e t a l  
1987; W lodek an d  H itte lm an  1987; Sw iegert et a l  1988) a n d  therefore 
rep re se n te d  the  induction  d a ta  a s  a  curv ilinear plot (e.g. Radford 1985; 
Prise  et a l  1987; Svâegert e t a l  1988).
T he rea so n  for th is  sh o u ld e r is  n o t yet fully unders tood  (see review 
by  R adford 1988), a lthough  th e  size of the  shou lder w ould seem  to be 
affected by  th e  p resence  of su lphydry l com pounds (Radford 1987b) and  
position  in  the  cell cycle of the  trea ted  cells (Okayasu e t a l  1988). Based 
on  th e  re su lts  of th e ir  respective experim ents, Radford (1987b) proposed 
th a t  th e  curv ilinear dose-response  reflected a  underly ing  m echan ism  of 
in d u ctio n  of cellu lar lesions, while O kayasu  e t a l  (1988) m ain ta ined  th a t 
th e  sh o u ld e r  w as d u e  to  incom ple te  d é n a tu ra tio n  of th e  ch ro m atin  
s tru c tu re  of DNA. As d iscu ssed  previously  in  C hap ter 1 (section 1.6.2) 
R adford po stu la ted  th a t  the  shou ldered  dose-response curve m irrored the 
sh o u ld e red  cell surv ival curve, w hich  im plied th a t  cell k illing is m ainly 
d e te rm in ed  by  th e  in d u ctio n  of d sb . This line of rea so n in g  h a s  been 
su p p o rte d  by som e w orkers (Prise e t a l  1987; Kelland e t a l  1988) and  
d isp u te d  by  o th e rs  (Wlodek a n d  H itte lm an  1987; Iliak is a n d  O kayasu  
1988; S w iegert e t al. 1988) d ep en d in g  on  th e  cell line  a n d  e lu tion  
co n d itio n s  em ployed. R ecently  B lazek e t a l  (1989) in tro d u ced  a  new 
a p p ro a c h  by  su g g estin g  th a t  th e  cu rv ilin ea r d sb  d o se -resp o n se  d a ta  
(m easu red  by  n e u tra l elution) could be  explained by  a ssu m in g  th a t  the 
induction  of d sb  is proportional to  th e  square  of the  dose.
It is obvious th a t  th e  d ispu te  a s  to w hether the  n o n -lin ear induction 
curve of th e  n o n -d en a tu rin g  filter e lu tion  techn ique is  a n  a rte fac t of the
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techn ique  or w hether it reveals a n  underlying m echanism  of DNA dam age 
induction , h as  yet to be resolved.
3 .1 .3  Repair curves
B radley and Kohn (1979) show ed th a t  n o n -d en a tu rin g  filter elu tion 
cou ld  also  be used  to  m e a su re  d sb  repa ir. They followed th e  level of 
b re a k s  for u p  to 1 2 0  m in  p o s t- ir ra d ia tio n  an d  th e ir  d a ta  ind ica ted  
b ip h as ic  repa ir k inetics w ith  50  % of th e  b rea k s  d isap p ea rin g  w ith in  
approxim ately  40 m in. T his re s u lt  w as su rp rising  since n e u tra l velocity 
sed im en ta tion  stud ies h ad  found  a  single repa ir com ponent w ith  a  half- 
tim e of >1 h  (Lehm ann a n d  S tevens 1977, B ryan t and  B locher 1980; 
B locher and  Pohlit 1982). N um erous groups have subsequen tly  confirmed 
th e  m easu rem en t of b iphasic  k inetics using  the  n eu tra l elu tion  a ssay  e.g. 
W eibezahn and  Coquerelle (1981); W oods (1981); V an d er S ch an s e t a l  
(1983); Kemp e t a l  (1984); M aki e t a l  (1986); M ayer e t a l  (1986) and  
M u rray  e t a l  (1988b). The re s u lts  of S igdestad  e t a l  (1987) show ing 
b ip h asic  repair m easured  a t pH  9 .6  a s  com pared w ith a  single com ponent 
of rep a ir a t pH 7.4 increased  th e  debate, b u t th is  finding h a s  subsequently  
b een  d ispu ted  by o ther w orkers w ho found b iphasic  k inetics a t  the  lower 
pH a s  well (Koval and  K azm ar 1988b; Rowley and  Kort 1988).
The observation of b iphasic  repa ir kinetics h a s  becom e characteristic  
of th e  n e u tra l e lu tion  assay , a n d  th e  d isagreem ent w ith  th e  apparen tly  
firs t-o rd e r k inetics m easu red  w ith  velocity sed im enta tion  h a s  con tribu ted  
to  th e  controversy su rro u n d in g  th e  technique.
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3.2 Materials and methods
The cell cu ltu re , irrad ia tio n  and  filter e lu tion  p rocedures u sed , are 
described in C hap ter 2 (sections 2.2.1 and  2.2.2).
3 .2 .1  D ose-response experim en ts
In itial dose-resp o n se  experim en ts included  th e  u se  of ^H -labe lled  
cells a s  an  in te rnal reference. These cells were seeded  and  labelled w ith 
3 .7  kB q /m l % -T d R  a n d  1 ^.mol/l TdR, separa tely  from  th e  te s t cells, and  
after trypsinization th ey  were irrad iated  to a s ta n d a rd  dose, usually  20 Gy. 
T he te s t cells were labelled  w ith  3 .7  kB q /m l i^c-T dR , and  irrad ia ted  to 
various doses of u p  to 80 Gy. B oth ba tch es of cells w ere kept separately, 
on  ice, th roughou t an d  only com bined ju s t  before th e  cells were aliquoted 
in to  ice-cold PBS in  th e  reservo irs of th e  e lu tion  a p p a ra tu s . The cells 
w ere mixed in th e  ra tio  of I.IO ^ ^H -labelled cells to  4 .10^ i^ c - la b e lle d  
cells. The collected fractions were th e n  analysed for levels of bo th  and 
i^ C -a c tiv ity  on  th e  d u a l-c o u n tin g  m ode of a  LKB 1214 R ack b e ta  
sc in tilla tion  counter.
The d o se -resp o n se  d a ta  w as th e n  p lo tted  a s  relative e lu tion  (RE) 
va lues against dose, w here
fraction of I'^C-activity e lu ted  after 16 h
RE =
fraction of activity e lu ted  after 16 h
(as  p e r Radford 1983) o r sim ply as the  fraction of ^"^C-DNA eluted after 16 
h  w ith  th e  b ack g ro u n d  e lu tion  value su b tra c te d  (for th e  u n irrad ia ted  
sam ple), against dose (as p e r O kayasu and  Iliakis 1989).
For reasons th a t  will be explained in  section  3 .3 .1 , a  single label of 
^H-TdR w as u sed  in  th e  m ajority  of experim ents. The param eter chosen
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to  quantify  the am o u n t of DNA dam age w as th e  fraction of ^H-DNA activity 
e lu ted  from  the  filter in  16 h . T his p a ra m e te r  w as chosen  u n d e r  the  
p rem ise  th a t  w hen  th e  d a ta  ob tained , u sin g  th e  modified lysis conditions 
of O kayasu  and Iliakis (1989), w as p lo tted  in  th is  fashion against rad ia tion  
dose it  w ould produce a  lin ear dose-response relationship .
3 .2 .2  R epair experim en ts
E ssen tia lly  the  sam e p rocedu re  a s  described  in  C hap te r 2 (sections
2 .2 .1  an d  2.2.2) w as followed. The only difference w as th a t  in  the  repair 
experim en ts the  cell su sp e n s io n s  (3 m l in  b ijou  bottles) w ere k ep t in  a 
w a te r-b a th  a t 37 before irrad iation , irrad ia ted  to  30  Gy a t  37 and  
th e n  re tu rn e d  to th e  w a te r-b a th  for the  ap p ro p ria te  rep a ir tim es (5-180 
m in). The irrad ia tio n s  w ere staggered  su c h  th a t  all sam p les could  be 
collected a t a  com m on tim e po in t. To h a lt  repair, sam ples w ere poured  
in to  a  large volum e (10 ml) of ice-cold PBS a n d  held  on  ice u n til su c h  
tim e a s  th ey  could  be  p ro cessed  fu rth er. T he only exception  w as the  
sam ple  of u n rep a ired  cells, w hich  w as tran sfe rred  to  ice approxim ately  
0 .5  h  before irrad ia tio n , ir ra d ia te d  on  ice an d  im m ediate ly  a fterw ards 
p o u red  in to  ice-cold PBS a n d  held  on ice u n til  i t  could  be p rocessed  
fu rth er.
The above p ro ced u re  h a d  to  be a ltered  sligh tly  for th e  long-term  
re p a ir  experim en ts w here  cells w ere in cu b a ted  a t  37  for u p  to  8  h  
post-irrad iation . The u n rep a ired  and  the  t  = 0 .5  h  sam ples (i.e. cells th a t 
w ere  allowed to  rep a ir  for i / 2  h) w ere p rocessed  a s  described  above, 
w h e re a s  th e  o th e r  s a m p le s  w ere p ro c e sse d  a s  follow s; th e  cell 
su sp en s io n s  (3 m l in  b ijou  bottles) were held a t  37 in  th e  w a ter-b a th  
before irrad ia tio n  a n d  irrad ia ted  to 50 Gy a t  37 °C. T he sam ples were 
th e n  tran s fe rred  to  t is su e -c u ltu re  p e tri d ish es  a n d  a fte r ad d itio n  of a 
fu r th e r  2 m l MEM, th e  sa m p le s  w ere p laced  in  a  37  o c , 5 % CO2
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hum id ified  in c u b a to r  for th e  v a rio u s  re p a ir  tim es. Once again , th e  
irrad ia tio n s were staggered  su c h  th a t  all sam p les  could be collected a t  a  
com m on tim e po in t, a t  w hich  tim e th e  cells w ere trypsinized using  cold 
trypsin/ED TA , re su sp en d ed  in  2-4 m l cold MEM an d  shortly  afterw ards 
in troduced  in to  th e  ice-cold PBS (in th e  e lu tion  reservoirs).
The n e u tra l e lu tion  p rocedure  (as d escribed  in  section  2 .2 .2 ) w as 
followed u n d e r th e  conditions s tip u la ted  in  section  2 .4  and  perform ed a t 
b o th  pH 9.6 and  7.4.
The d a ta  of th e  repa ir experim ents have b een  p lo tted  as log [fraction 
of DNA eluted a t 16 h] v e rsu s dose. The sam e d a ta  w as also plotted a s  % 
b re a k s  (assum ed  to  be dsb) rejo ined  w ith  tim e. T hese values w ere 
obtained using  th e  form ula:
% b reak s rejoined = (1- x t /x o ) .1 0 0  
w here xt = the  fraction of DNA eluted after rep a ir  tim e t  and
Xq = the  fraction  of DNA eluted in  the  u n rep a ired  sam ple 
(background elu tion  values had  been su b trac ted  in  b o th  cases).
3.3 Results
3.3 .1  D ose-response curves
A series of th e  e lu tion  profiles of DNA ob tained  after CHO cells had  
b een  exposed to increasing  doses of X -irradiation, a s  m easu red  by neu tra l 
e lu tion  a t  pH 9 .6  an d  u n d e r  the  lysis and  e lu ting  conditions stipu la ted  in 
section  2.4, is show n in  Fig. 3.1. For th is  experim en t th e  te s t cells were 
pre-labelled  w ith  i^ c -T d R  and  an  in te rn a l s ta n d a rd  of ^H -labelled cells, 
irrad ia ted  to 20 Gy, w as added to each  sam ple.
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Figure 3.1 The elution profiles obtained with non-denaturing filter elution at pH 9.6 of the DNA of CHO cells exposed to increasing doses of X-iiradiation.
It can  be seen  th a t  th e  ra te  of e lu tion  of the  DNA from th e  filter 
increased  w ith  dose an d  hence the  frac tion  of ^^C-DNA reta ined  a fte r 16 
h  of elu tion  d im in ished  w ith increasing  dose. In  Fig 3 .2  (a) the  fraction of 
i^C-DNA e lu ted  in  16 h» tak en  from  th e  e lu tion  profiles in  Fig. 3 .1 , is 
plotted ag a in st X -ray dose and in  Fig. 3 .2  (b) th e  relative elution values (as 
p e r  Radford 1983) a re  p lotted ag a in st dose. B oth curves have been  fitted 
by eye.
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Figure 3.2 Examples of dose-response curves of CHO cells as measured by neutral elution at 
pH 9.6. In (a) the fraction of 1"^ C-DNA eluted after 16 h is plotted against dose and in (b) the relative elution value (see section 3.2.1) is plotted against dose.
Clearly b o th  the  fraction of (I'^C-DNA eluted in 16 hi an d  th e  relative 
e lu tio n  v a lu es  exhibited a n  in c re a se  w ith  increasing  X -ray dose. B oth 
figu res show  a  sigm oidal d o se -resp o n se  i.e. a  shou lder in  th e  low dose 
reg ion  (0-5 Gy) followed by  a  lin e a r portion  and  th en  a  ten d en cy  of the 
cu rve to  p la te a u  o u t a t  th e  h ig h e r doses. This ten d en cy  is fa r m ore 
p ro n o u n ce d  in  Fig. 3 .2  (b) w here  th e  curve fla tten s o u t a t  a  dose of 
approx im ate ly  2 0  Gy. I su sp ec ted  th a t  th is  w as due to the  e lu tion  of the 
^H -labelled  s ta n d a rd  cells w hich  seem ed  to increase w ith  in c reas in g  X- 
ray  dose given to the  i^ c -la b e lled  te s t  cells. To su b s ta n tia te  th is , the  
frac tion  of ^H-DNA eluted, w here th e  ^H-labelled cells w ere exposed to a 
X -ray dose of 20  Gy th roughou t, w as  plotted  against th e  dose received by 
th e  i^c -lab e lled  cells (Fig. 3.3).
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Figure 3.3 Graph showing the fraction of ^H-DNA eluted (from the Internal standard of 
cells exposed to 20 Gy) plotted against the X-ray dose given to the ^'^C-labelled cells. The data points represent the mean of 4 experiments and the vertical bars the standard error of mean values.
Clearly the  increase  In th e  ra te  of elution of the  I'^C-DNA of the  tes t 
cells w ith  dose cau sed  a n  in crease  in  th e  elu tion  of th e  ^h-DNA. This 
find ing  u n d e rm in ed  th e  p u rp o se  of th e  in te rn a l s ta n d a rd , th e  u se  of 
w h ich  w as therefore ab an d o n ed . A single radioactive label, u su a lly  % -  
TdR, w as used  in  all su b seq u e n t experim ents a t the  r isk  of no t observing 
v a ria tio n s  be tw een  sa m p lin g  lin es. To avoid re o c c u rrin g  e rro n eo u s 
e lu tio n  re s u l ts  th e  sa m p le s  w ere a lte rn a te d  w ith  re s p e c t to  th e  1 0  
sam pling  lines.
T he dose-response  curve for CHO cells ob ta ined  by  n e u tra l elution 
perform ed a t  pH 9 .6 , a fte r 8  rep e a t experim ents, is  show n in  Fig. 3.4. 
T he frac tion  of DNA e lu ted  w as ob tained  from th e  frac tion  of ^H-DNA 
e lu ted  m in u s  th e  backg round  elu tion  value. The curve h a s  been  fitted by 
eye.
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Figure 3.4 Dose-response for CHO cells as measured by neutral elution at pH 9.6. The data points represent the mean of 8 experiments and the vertical bars the standard error of mean values.
A concave ’shou lder ' in  th e  low dose region (0-5 Gy) is evident, th is  is 
followed by  a  lin ear in c rease  in  frac tion  of DNA elu ted  w ith  dose u p  to 
a b o u t 40  Gy, after w hich  th e  curve reach es a  p la teau . The single d a ta  
p o in t a t  4 0  Gy does n o t unequivocally  prove the  existence of the  p lateau , 
b u t  th e  p la te a u  w as b ased  on  th e  re su lts  of p relim inary  dose-response 
experim ents in  w hich doses of u p  to 80  Gy were used  (the additional d a ta  
p o in ts  a re  show n  in  Fig. 3.5). It w as decided to  lim it th e  deta iled  
investiga tion  to th e  sh o u ld e r  a n d  lin ear po rtions of th e  dose-response  
curve and  hence the  sparsity  of d a ta  a t doses g reater th a n  40  Gy.
T he d o se -resp o n se  for CHO cells a s  m easu red  by  n e u tra l e lu tion  
perform ed a t  pH 7.4  is  show n in  Fig. 3.5. The d a ta  p o in ts  of the  dose- 
resp o n se  a ssa y  a t pH 9 .6  (data  tak e n  from Fig. 3.4) have been  included 
a n d  are  denoted  by  th e  d ash ed  line to serve a s  a  com parison. The da ta  
p o in ts  above 50 Gy, for b o th  pH  va lues, a re  th e  re s u lts  of a  single 
experim en t a n d  w ere included  to illu stra te  th e  p la teau . Once aga in  the  
curves have been  fitted by  eye.
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Figure 3.5 Dose-response for CHO cells as measured by neutral elution at pH 7.4. Hie data points represent the mean of 3 experiments and the vertical bars the standard error of mean values. The dashed line shows the data taken from Fig. 3.4.
Clearly the  ex tent of e lu tion  of th e  DNA a t each  X -ray dose is less a t 
p H  7 .4  th a n  a t  9 .6 , b u t  th e  sh a p e  of th e  in d u c tio n  curve rem ain s 
essen tia lly  the  sam e. The sh o u ld e r in  th e  low dose region is also evident 
a t  pH  7.4, a lthough  it  is  le ss  p ronounced  th a n  a t  pH 9.6. The dose a t 
w h ich  th e  curves flattened  o u t in  th e  a ssay s a t th e  two pH va lues are 
different b u t  note th a t the p la teau  occurs a t sim ilar elu tion  levels, viz. a t  a  
frac tio n  of DNA eluted of -0 .7 5 . T his signifies th a t  15-20 % of th e  DNA, 
a fte r tak ing  th e  background elu tion  value of 5-10 % into  account, rem ains 
on  th e  filter even after high doses of radiation.
3 .3 .2  R epair kinetic s tud ies
R epair k inetics after a  X -ray dose of 30 Gy as  m easu red  by  n eu tra l 
e lu tion  a t  pH 9.6, is show n in  Fig. 3.6.
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Figure 3.6 The kinetics of disappearance of DNA strand breaks in CHO cells as measured by the neutral elution technique (pH 9.6) as a function of Incubation time after X-ray exposure (30 Gy). The data points represent the mean of 10 experiments and the vertical bars the standard error of mean values. In (b) the data from (a) is plotted as % breaks rejoined (see section 3.2.2).
T he decrease  in  the  ex ten t of e lu tion  of the  DNA a t  increasing  incubation  
tim es ind icates th a t  re jo in ing  of th e  b reak s had  occu rred . The curves 
a re  typically b iphasic  (as evidenced by the  two com ponen t logarithm ic 
graph) and  rough estim ate s  of the  rep a ir half-tim es ( t i / 2 ) of the  fas t and 
slow  com ponents a re  6  a n d  120 m in  respectively. In  p an e l (b) the  da ta  
from  (a) is plotted a s  % b re a k s  rejoined (see section 3.2.2). These resu lts
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show  th a t  approx im ately  90  % of th e  b re a k s  h a d  rejoined after a  rep a ir 
tim e of 3 h.
The ra te  of repa ir of dsb  in  CHO cells after a n  X-ray dose of 30  Gy as 
m easured  by n eu tra l elu tion  a t pH  7.4 is show n of Fig 3.7.
III
(a) D = 30Gy
------- --
-5-
.01  nr r  —r  r  “f  ' i » i i T I ' " I  I " !■
0 50 100 150Incubation tim e (min)
100
I
I
#
1-------- 1--------r*
50 100
Incubation tim e (min)
150
Figure 3.7 The kinetics of disappearance of DNA strand breaks in CHO cells as measured by the neutral elution technique (pH 7.4) as a function of incubation time after X-ray exposure (30 Gy). The data points represent the mean of 2 experiments and the vertical bars the standard error of mean values. In (b) the data from (a) Is plotted as % breaks rejoined (see section 3.2.2).
Typical b ip h asic  rep a ir  k inetics were a lso  ob tained  a t  th is  pH  (7.4), 
a n d  rough  estim ates of th e  repa ir t i / 2  a re  5 an d  100 m in  for th e  fas t and  
slow com ponents respectively. In panel (b) th e  d a ta  from  (a) a re  p lotted
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a s  % b rea k s  (assum ed to be dsb) rejo ined  w ith  tim e. From  th is  g rap h  it 
c an  be seen  th a t  approx  90  % of th e  b rea k s  h ad  rejoined a fte r a  repa ir 
tim e of 2  h.
Fig. 3 .8  show s the  repair k in e tics  of CHO cells after a  dose of 50 Gy 
a s  m easu red  by  n eu tra l elution a t  pH  9 .6  over a  longer tim e course  nam ely 
0 .5  - 8  h.
(a) D =  5 0 G j r
2  4  6 8  1 0
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100
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Figure 3.8 The kinetics of disappearance of DNA strand breaks in CHO cells as measured by the neutral elution technique (pH 9.6) as a function of Incubation time after X-ray exposure (50 Gy). The data points represent the mean of 2 experiments and the vertical bars the standard error of mean values. In (b) the data from (a) is plotted as % breaks rejoined (see section 3.2.2).
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It c an  be seen  from  Fig. 3 .8  th a t  th e  n u m b er of b rea k s  c o n tin u e  to 
decrease  over the  8  h o u r in cu b a tio n  tim e after X-ray exposure. This curve 
re p re se n ts  m ore th a n  one re p a ir  com ponen t, b u t  th e  d a ta  p o in ts  are 
in su ff ic ien t to a s c e r ta in  w h e th e r  th e re  a re  2 o r p o ss ib ly  3 re p a ir  
com ponents. T here does how ever seem  to be a  very slow com ponen t of 
rep a ir w ith a  ti/% in  th e  ran g e  of 4 -6  h. In panel (b) th e  d a ta  from  (a) is 
p lo tted  a s  % b re a k s  re jo in ed  w ith  tim e an d  th is  g rap h  show s th a t  
approxim ately 90  % of th e  b re a k s  (assum ed to be dsb) h a d  rejo ined  after 
8  h  post-exposure incubation .
3.4 Discussion
3.4.1 Non-linear dose-response  curves
^H-labelled cells were inc luded  in  initial experim ents a s  a n  in ternal 
s ta n d a rd  w hich w ould serve to  com pensate  for any  varia tions betw een the 
sam pling  lines. According to  B radley and  K ohn (1979) a n d  E vans et a l
(1987) the  ex ten t of ^^C-DNA e lu tion  did no t affect the  e lu tion  of the  % -  
DNA if the  cell n u m b er per filter w as kep t below 1.10®. My re su lts  (Fig.
3.3) how ever show  th a t  u n d e r  th e  a ltered  lysis an d  e lu tin g  conditions 
(described in  sec tion  2.4) a n d  a t  a  cell n u m b er of 5.10® p e r filter, the 
e lu tion  of the  ®H-DNA w as affected by  the  increasing  ra te  of e lu tion  of the 
i^C-DNA w ith  X -ray dose. T h is u n d erm in ed  th e  p u rp o se  of th e  
s ta n d a rd  and  its  u se  w as therefore abandoned. By doing th is  th e  question 
of th e  m anner of d a ta  rep resen ta tio n  w as simplified an d  th u s  all d a ta  are 
sim ply  p resen ted  a s  th e  frac tion  of D N A -associated rad ioactiv ity  eluted 
from the  filter in  16 h  w ith  th e  background  elution value su b trac ted .
W hen the  dose-response  curve show n in  Fig. 3 .4  is com pared  to the 
dose-response  curves ob ta ined  by o th er w orkers u s in g  n e u tra l e lu tion  a t
DOSE-RESPONSE AND REPAIR/ 6  7
pH  9.6  [e.g. B radley an d  K ohn 1979; W oods 1981; S lgdestad  e t al. 1987; 
M urray  e t a l  1988b), th e  m od ified lysis conditions em ployed h e re  clearly 
resu lted  in  grea ter sensitiv iiy  of th e  assay .
Figure 3 .4  show s th a t  w hen  th e  fraction  of DNA elu ted  a fte r 16 h  a t 
pH  9 .6  is p lo tted  a g a in s t dose , a  sigm oidal dose -resp o n se  curve  w as 
ob ta ined . A sh o u ld e r in  th e  low dose region (0-5 Gy) is followed by  a  
lin ear increase  in  th e  frac tion  of DNA elu ted  u p  to 40  Gy after w hich  the 
curve p la teau s out. The sh a p e  of th e  dose-response curve ob tained  a t  pH
7.4  w as also sigm oidal (Fig. 3.5); show ing a  shoulder in  the  0-5  Gy region, 
followed by a  linear increase  in  th e  fraction  eluted  extending  u p  to  60  Gy 
an d  for doses g rea ter th a n  60  Gy a  p la teau  w as observed. S igdestad  e t al.
(1987) and  M urray  et al. (1988b) repo rted  th a t  they ob tained  a  curvilinear 
dose-response  re la tio n sh ip  a t  pH  9 .6  b u t  th a t  a t pH 7 .4  th ey  ob tained  
lin e a r  cu rves. C loser in sp e c tio n  of th e ir  re su lts  o b ta in ed  a t  pH  7.4 
how ever show s a  sp a rsity  of d a ta  a t  low doses and  relative insensitiv ity  of 
th e  a ssa y  u n d e r  th e  c o n d itio n s  th ey  em ployed. O n th e  o th e r  h an d  
Radford (1988), O kayasu  an d  Iliakis (1989) a n d  Prise e t  a l  (1989c) found 
th a t  the  dose-response a t  th e  lower pH also exhibited a  sh o u ld e r and  th u s  
concluded  th a t  th e  sh o u ld e r a n d  hence  th e  shape  of th e  dose-response  
curve w as no t a n  artefac t of th e  elu tion  pH.
By em ploying m ore rigorous lysis conditions [viz. u s in g  NLS ra th e r 
th a n  SDS and  the  elevated lysis tem pera tu re  of 60 ^C) O kayasu  an d  Iliakis 
(1989) found  th a t  th ey  could  e lim inate  th e  sh o u ld e r (w hich th e y  th u s  
a ttr ib u te d  to incom plete  d é n a tu ra tio n  of th e  h ig h er o rd e r ch ro m atin  
s tru c tu re ) . T he d o se -re sp o n se  cu rves p re sen te d  h e re  w ere  ob tained  
u sin g  the modified lysis conditions of O kayasu and  Iliakis (1989) and  yet a 
sm all shou lder w as nevertheless still observed.
O ther th a n  th e  sh o u ld e r in  th e  low dose region, a  ten d en cy  for the 
dose-response  curves to p la tea u  o u t a t  large doses w as also observed (see
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Fig. 3.5). This occurred  a t  doses g rea te r  th a n  40 Gy for the  a ssa y  a t  pH
9 .6  a n d  > 60  Gy a t  pH 7 .4 . T h is  ten d en cy  w as found  to be  m ore 
p ro n o u n ced  w hen  th e  e lu tion  v a lu e s  of th e  ®H-labelled refe rence  cells 
w ere included  in  the  calcu lation  of th e  relative elu tion  values, a s  seen  in 
Fig. 3 .2 . O ther a u th o rs  who h ad  a lso  reported  a  strong  tendency  for the 
induction  curve to fla tten  o u t a t  h ig h er doses, h ad  In fact m ade u se  of an  
in te rn a l reference and  th is  m ight exp la in  th e ir re su lts  (Prise e t cd. 1989a; 
K elland e t el. 1988). On th e  o th e r h a n d , since an  in te rn a l s ta n d a rd  w as 
n o t em ployed here , th e  p resen ce  of th e  p la tea u  w ould ra th e r  seem  to 
su g g est th a t  a  certa in  p roportion  of th e  DNA w ould n o t e lu te  from  the  
filter. It is  in te resting  to note th a t  th is  ’u ne lu tab le ’ proportion  of 15-20 % 
of th e  to ta l am o u n t of DNA is  in d ep en d en t of pH employed. T his p la teau  
could be the  re su lt of a  portion of DNA th a t  is bound  to the  polycarbonate 
filter or a  portion  of DNA th a t  h a s  re ta in ed  its  h igher o rder s tru c tu re  in a 
DNA-protein complex and  is therefore un ab le  to p ass  th ro u g h  th e  pores in 
th e  filter.
The frac tion  of DNA e lu ted  a fte r  16 h  a t  pH 7 .4  is less th a n  th a t 
m easu red  a t  pH 9.6  for the  sam e X -ray  dose (Fig. 3.6), indicating  th a t  the 
tec h n iq u e  is som ew hat less sensitive  a t  the  lower pH. T he pH  effect 
observed here  is however no t nearly  a s  m arked  a s  found by  o ther w orkers 
[e.g. E vans e t a l  1987; M urray  e t a l  1988a). U sing th e  m ore rigorous 
lysis cond itions of 2 % NLS a n d  a  tem p era tu re  of 60  ^C, O k ay asu  and  
Iliak is (1989) rep o rted  th a t  th ey  h a d  succeeded  in  e lim inating  th e  pH 
effect. Even though  th e  modified lysis conditions of O kayasu  an d  Iliakis 
(1989) w ere employed here, the  pH effect w as still observed. One obvious 
difference in  th e  protocols u se d  w as th e  com position of the  e lu ting  buffer: 
O kayasu  and  Iliakis (1989) h ad  followed th e  protocol of B radley an d  Kohn 
(1979) an d  u sed  a  tr is  so lu tion  to e lu te  th e  DNA, w hereas a  TPAH elution 
buffer w as u sed  here. E vans e t  al. (1987) and  M urray  e t a l  (1988a), who
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rep o rted  finding a m arked  pH  effect, h a d  in  fact also u sed  a  TPAH eluting 
buffer for the  neu tra l e lu tion  a ssay . T his is however a  ten tative  correlation 
a n d  i t  is  n o t clear how  th e  com position  of the  e lu ting  so lu tio n  could 
exp la in  th e  pH effect.
Two co n trad ic tin g  th e o r ie s  have  been  p o s tu la ted  to  exp la in  the  
difference in  sensitivity of th e  a ssa y  a t  th e  two pH values. R adford (1988) 
a ttr ib u te d  th e  lower e lu tio n  a t  pH  7 .4  to incom plete rem oval of DNA- 
b o u n d  p ro teins, w hereas E v an s e t  a l  (1986) m ain tained  th a t  th e  g rea ter 
e lu tion  a t  the  elevated pH of 9 .6  w as due  to additional alkali-labile lesions 
th a t  w ould n o t occur a t  th e  n o rm al in trace llu la r pH. T here  seem s to be 
s tro n g  evidence in favour of b o th  th e se  theories. On th e  one h an d . Flick 
e t  a l  (1989) have show n th a t  th e  increased  elution a t  pH 9 .6  is  observed 
for X -ray  induced dam age only  an d  no tab ly  ab sen t in  re s tric tio n  enzyme 
in d u ced  dam age, w hich  is  s tro n g  evidence in  favour of th e  alkali-labile 
hy p o th esis  of Evans e t a l  (1987). O n th e  o ther hand , O kayasu  an d  Iliakis 
(1989) have  show n th a t  b y  a lte r in g  th e  lysis c o n d itio n s  th e y  could 
e lim in a te  th e  pH effect on  th e  e lu tio n  of X -irrad iated  DNA, w hich  is 
s tro n g  evidence in su p p o rt of R adford’s  theory.
3 .4 .2  B iphasic  repair k inetics
The repair curves a t  b o th  pH 9 .6  (Fig. 3.6) and  pH  7 .4  (Fig.3.7) show 
c h a rac te r is tic  b iphasic  re p a ir  k ine tics, exhibiting a  fa s t com ponen t w ith 
ha lf-tim e of 5-7 m in  an d  a  slow er com ponent w ith t i / 2  of 100-120 m in. 
B ip h asic  rep a ir k inetics for th e  n o n -d en a tu rin g  filter e lu tion  a ssa y  have 
b e en  ob tained  by several a u th o rs  a t  pH  9 .6  (Woods 1981; W eibezahn and 
C oquerelle  1981; S igdestad  e t  a l  1987) and  a t pH 7 .4  (Schw artz e t a l  
1987; Koval and  K azm ar 1988b; Fox a n d  McNally 1988). The above 
e s tim a te s  of the  half-tim es of re p a ir  a re  in  reasonab le  ag reem en t w ith 
th o se  ob ta ined  for m am m alian  cells by  o ther a u th o rs  u s in g  the  n eu tra l
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e lu tio n  tec h n iq u e  a t  pH  9 .6 , n am ely  th a t  of 2 -10  m in  for th e  rap id  
com ponen t an d  t i / 2  of 30 -1 2 0  m in  for th e  slow com ponent as m easured  
u p  to  3 h  post-exposure  (W eibezahn a n d  Coquerelle 1981; Radford 1983). 
At th is  po in t it  is im p o rtan t to m en tion  th a t  th e  tim e tak e n  to irrad iate  
th e  cells to 30  Gy (~5 m in) or 50  Gy (~9 m in), a t  37  °C , is  n o t 
in sign ifican t w hen  the  n u m b e rs  of d sb  rem ain ing  a t  rep a ir tim es of less 
th a n  60  m in  post-exposure  a re  considered. As a  consequence, the  initial 
fas t repa ir could possibly be som ew hat slower th a n  would appear to be the 
case from the  t i / 2  e stim ates of the  fas t com ponent given here.
At b o th  pH values approx im ate ly  50  % of th e  b reak s  h a d  rejoined 
w ith in  5 m in  of irrad iation , w hich  w ould ind icate  th a t  th e  m easu rem en t 
of th e  fa s t rep a ir k inetics is in d ep en d en t of th e  pH. M arginally different 
ra te s  of rejo in ing  were how ever m easu red  for th e  slow com ponent a t the 
two pH values; approx im ate ly  90  % of rep a ir  had  tak en  place after an  
in cu b a tio n  tim e of 60  m in  in  th e  pH  7 .4  assay , w hereas th is  level of 
rejoining w as only a tta in ed  afte r 180 m in  a t  pH 9.6. B all-park  estim ates 
(more d a ta  p o in ts  are  needed  for m ore a cc u ra te  estim ates) of the  half- 
tim es of repa ir a re  given in  Table 3.1.
pH of filter elution t i / 2  for fast repair t i /2  for slow repair
assay com ponent com ponent
9 .6 ~ 6  m in ~ 1 2 0  m in
7 .4 ~ 5 m in ~ 1 0 0  m in
Table 3.1 Ball-park estimates of the repair half-times for CHO cells after exposure to 30 Gy obtained from Figs. 3.6 and 3.7.
In c o n tra s t to th e  d a ta  p resen ted  here , Schw artz e t a l  (1987) and 
Koval a n d  K azm ar (1988b) reported  no  difference in  the  ra te s  of repair as 
assayed  a t  th e  two pH values of 9 .6  and  7.4. A lthough good reproducibility
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w as o b ta in ed  in th e  rep a ir  ex p e rim e n ts  perform ed a t pH 7.4 , fu r th e r  
re p e a t  experim en ts are  n e c e ssa ry  to  a sce rta in  th e  significance of the  
difference in  repair k inetics a t th e  two pH values.
Koval a n d  K azm ar (1988b) re p o rte d  th a t  th e  ra te  of re p a ir  
m e a su re m e n t (in V79 cells) a t  b o th  pH 9 .6  a n d  7.4, depended  on  the  
choice of e lu ting  solution. T hey de tec ted  slow er repair k inetics w ith  the  
TPAH b u ffer th a n  w ith  th e  t r i s  so lu tio n . They th u s  p ro p o sed  an  
in te rac tio n  betw een the  lesions a n d  th e  e lu ting  solution, for exam ple the  
ex istence of a  repa ir in te rm ed ia te  w h ich  is destabilised  only in  th e  TPAH 
so lu tion . The ra te  of repa ir m ea su re d  here u sing  the TPAH buffer (Figs.
3 .6  a n d  3.7) w as faster th a n  th a t  m easu red  by Koval and  K azm ar (1988b) 
u s in g  th e  sam e elu ting  buffer (b u t different lysis conditions), a n d  show  
k in e tics  sim ilar to the  tris  so lu tion  re su lts  of th e  above a u th o rs  (although 
c a u tio n  sh o u ld  be ad o p ted  w h e n  com paring  th e  re p a ir  k in e tic s  of 
d ifferen t cell types a s  th e ir  re p a ir  c h a rac te ris tic s  m ight be  d ispara te). 
R epair experim en ts w ould need  to  be  perform ed u sin g  th e  tr is  e lu ting  
so lu tio n  to  definitively show  n o  d ifference u n d e r  th e  m odified  lysis 
cond itions em ployed here.
The half-tim e of the  slow com ponen t of repa ir is n o t d issim ila r to 
th e  half-tim e of d sb  rep a ir of 2 -4  h  m easu red  in E hrlich  asc ites  tu m o u r 
(EAT) cells by  velocity sed im en ta tio n  (Bryant an d  B lôcher 1980), while 
th e  t i / 2  of th e  fa s t com ponent is  n o t un like  th a t  of ssb  rep a ir in  EAT or 
CHO cells (B ryant e t a l  1984; C o sta  an d  B ry an t 1988). A h n stro m  
(Com m ent on  Radford 1985) a n d  H u tch in son  (1989) have, on th e  b a s is  of 
th e  sim ilar repa ir ra tes , proposed  th a t  the  fast repa ir com ponent w as due 
to  s sb  rejoining (assum ing th a t  th e  presence of ssb  could affect th e  elution 
p ro p e rtie s  of DNA u n d e r  n o n -d e n a tu r in g  conditions). W eibezahn  and  
C oquerelle  (1981) a n d  W oods (1981) h a d  p u t  forw ard a n  a lte rn a tiv e
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ex p lan a tio n  of the  b ip h asic  rep a ir  k in e tics  of th e  n e u tra l e lu tion  assay. 
T h ey  p ro p o sed  th a t  th e  ra p id  co m p o n en t re p re se n te d  a  p rocess of 
ligation  and  suggested th a t  th e  slow com ponen t reflected a  type of repair 
th a t  req u ired  a  m ore com plex  p ro cess , possib ly  recom bina tion . This 
in te rp re ta tio n  su g g ests  th a t  th e  b ip h as ic  k inetic  reflects two different 
m echan ism s of repair w hich could in  tu rn  suggest th a t  th e  n eu tra l elution 
a ssa y  detects a t least two types of lesions or dsb .
W hen com paring Figs. 3 .6  and  3 .8  a  d iscrepancy a rises in  the resu lts 
o f th e  long (0.5-8 h) a n d  s h o r t  (5-180 m in) te rm  re p a ir  experim ents. 
F rom  Fig. 3 .6  one w ould  expect approx im ate ly  90  % of th e  dsb  to be 
rejoined by 3 h  post-irrad ia tion , w hereas Fig. 3 .8  show s only 80  % repair 
a t  3 h . A lthough it is difficult to ju d g e  the  significance of th is  difference, 
considering  the  errors on  th e  m ean  values vary  betw een 1 .5 an d  8  %, it is 
possib le  th a t  the  slow er ra te  of rep a ir  detected  after 8  h  w as due  to the 
h ig h er dose u sed  (50 Gy vs 30  Gy). Possible dose dependence of the  ti/% 
of th e  slow com ponent of rep a ir w ould su p p o rt the  sa tu rab le  repa ir model 
p roposed  by G oodhead (1985) and  W heeler (1987), b u t  R adford (1987a) 
a n d  Sw iegert et a l  (1989) have  rep o rted  finding no dose effect in  repair 
experim en ts following exposure  in  th e  20  to 50 Gy dose range.
Investigation  of th e  re p a ir  k in e tic s  over longer in cu b a tio n  tim es 
(Fig. 3.8) in te res tin g ly  revealed  th e  possib le  p resen ce  of a  very slow 
co m p o n en t of repa ir w ith  a  ha lf-tim e of betw een 4 a n d  6  h o u rs . The 
re p a ir  w ould need  to be  followed over even longer in cu b a tio n  tim es to 
a sc e r ta in  w hether th is  re p re se n ts  a  th ird  repa ir com ponent o r w hether it 
is  j u s t  a n  ex tension  of th e  know n slow  com ponent. Rowley an d  Kort
(1988) u s in g  th e  n e u tra l  e lu tio n  a s sa y  found  a  c o n tin u a l decrease  in 
n u m b e rs  of d sb  u p  to 6  h  p o st-irrad ia tio n  (after 20  Gy) w hich  is fu rther 
evidence th a t  dsb  rep a ir is  n o t  com plete w ithin  2-3 h  a s  w ould appear to 
be  th e  case  from the  sh o r t  te rm  (0-3 h) stud ies. A ssum ing th a t  there  are
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on ly  two re p a ir  c o m p o n e n ts , an  e s tim a te  of th e  t i / 2  of th e  slow 
com ponent from Fig. 3 .8  is  in  the  vicinity of 2 4 0  m in. Rowley and  Kort
(1988) h ad  ob tained  a n  estim ate  of t i /2 = 1 7 0  m in  for th e  slow com ponent 
o f re p a ir  (followed over 6  h) w hich  is a lso  sign ifican tly  longer th a n  
estim ates  ob tained  by  o th e r  w orkers of 0 .5 -2  h  [e.g. Radford 1983). It is 
possible  th a t  refinem ents in  th e  technique have  im proved sensitivity such  
a s  to enable th e  de tec tion  of th e  sm all n u m b e rs  of d sb  rem aining a t  the  
longer in cu b a tio n  tim es, a n d  hence th e  'appearance*  of a  very  slow 
com ponent. P erhaps it  is possible th a t th is  very  slow com ponent (rather 
th a n  the repa ir com ponen t w ith  t i / 2  of 30 -120  min) rep resen ts  th e  sam e 
type of repa ir th a t  is de tected  by velocity sed im enta tion  for w hich a  t i / 2  of 
rep a ir of betw een 2 -4  h  w as m easured  (Bryant and  B lôcher 1980).
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4.1 Introduction
One ap p ro a ch  to  investigate  th e  n a tu re  of th e  lesions th a t  a re  
de tec ted  by  n o n -d en a tu rin g  filter e lu tion , w as to  m easu re  the  effect of 
DNA sy n th esis  inh ib ito rs on th e  repa ir of th ese  lesions. This s tu d y  w as 
b a sed  on  the  w ork of B iy an t and  B lôcher (1982) a n d  Iliakis and  B ryant 
(1983) who found th a t  p -ara  A and  p -ara  C inh ib ited  dsb  repair in  E hrlich 
a s c i te s  tu m o u r  (EAT) ce lls  a s  m e a su re d  by  th e  n e u tra l  velocity  
sed im en ta tio n  and  DNA unw inding tech n iq u es. To determ ine th e  effect 
of the  above inh ib ito rs on  repa ir of DNA dam age a s  m easu red  by  n eu tra l 
e lu tion  (pH 9.6) and  to  enable a  m eaningfu l com parison  betw een th ese  
re su lts  an d  those  of DNA unw inding, it w as decided to u se  the  sam e cell 
line viz. EAT cells. In th is  ch ap ter th e  DNA unw inding  re su lts  u s in g  X- 
irrad ia ted  EAT cells exposed to e ither a ra  A or a ra  C have been  verified 
a n d  co m p ared  w ith  th e  r e s u lts  of th e  n o n -d e n a tu r in g  filter e lu tio n  
techn ique  (pH 9.6).
4.1.1 The inhibitory action o f  ara A  and  ara C
9 - p - D - a r a b i n o f u r a n o s y l a d e n i n e  ( a r a  A) a n d  1 - p - D -  
a ra b in o fu ra n o s y lc y to s in e  (a ra  C) a re  n u c le o s id e  a n a lo g u e s  of 
deoxyadenosine an d  deoxycytosine respectively an d  are know n to strongly 
in h ib it DNA syn thesis. These agen ts have been  u sed  in  chem otherapy  as 
a n titu m o u r  cy to sta tic  ag en ts  (Ortiz e t  al. 1972) a n d  a s  an tl-leukaem ic  
d ru g s (Gale and  Foon 1986).
In vivo and  in vitro these  nucleoside analogues are readily tak en  up  
in to  th e  cell and  converted to th e  correspond ing  trip h o sp h a tes  viz. a ra- 
ATP and  ara-CTP (G raham  and  W hitm ore 1970; M üller et a l  1975). In 
Escherichia coli cells a ra  A w as found to  be incorporated  into th e  cellu lar 
DNA by the  DNA polym erase p w here it ac ted  a s  a  chain  term ina to r th u s
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inh ib iting  DNA sy n th esis  (Ohno et a l  1989). In  m am m alian  cells however 
th e  ev idence  s u g g e s ts  th a t  th e  in h ib ito ry  a c tio n  is n o t  d u e  to 
in co rpo ra tion  a n d  ch a in  term ina tion  b u t r a th e r  due  to  inh ib ition  of the 
DNA polym erases b y  th e  triphosphate  com pound  of th e  analogues (Furth 
a n d  C ohen  1967; G rah am  and  W hitm ore 1970; M üller e t a l  1975; 
D icioccio a n d  S riv a s ta v a  1977). Som e w o rk e rs  have  show n g rea te r 
inh ib ition  of po lym erase  a  (Müller e t a l  1977; O k u ra  an d  Yosh ida 1978; 
S tam m berger e t a l  1989), w hereas o thers have  found  b o th  polym erases a. 
a n d  p to be equally  inh ib ited  (Dicioccio a n d  S rivastava  1977) by  a ra  A or 
a ra  C. T hus it becom es evident th a t  th ese  d ru g s  m ight have a  specificity 
tow ards one of th e  polym erases, w hich w ould  determ ine  the  m echanism  
of th e ir  inhib ition .
G e n e ra lly  p o ly m e ra se  a  is  re g a rd e d  re s p o n s ib le  fo r se m i­
co n serv a tiv e  DNA sy n th e s is  w h ereas p o ly m erase  p w as found  to be 
involved in  DNA re p a ir  rep lica tion  (Spiro e t  a l  1982; Pedrali-N oy and  
S p a d a ri 1979; C o llin s 1987; S ta m m b e rg e r e t a l  1989). Miller and  
C h in a u lt (1982) fo u n d  b o th  po lym erases a  a n d  p be involved in  DNA 
rep a ir , b u t  w ith  a  specificity  for th e  type o r ’p a tch -size ' of th e  DNA 
dam age; w here  po lym erase  P is responsib le  for 'sh o rt-p a tch ' rep a ir te .  a  
g ap  of 1-5 n u c le o tid e s , w hile po lym erase  a  req u ire s  a  gap  of 25-50  
nucleo tides. T his m odel h a s  been  su p p o rted  by  th e  re su lts  of W ang and  
K orn (1980) a n d  C leaver (1984). X -ray dam age m ain ly  involves sho rt- 
p a tc h  re p a ir  (P a in te r  a n d  Young 1972; Fox  a n d  Fox 1973) w hich  
im plicates polym erase p ra th e r  th a n  a  (Iliakis e t  a l  1982; M irzayans e t a l  
1988), a lthough  n o t exclusively (W aters e t ol. 1981).
At a  ce llu la r level i t  is  know n th a t  a r a  A an d  a ra  C in h ib it the  
pro liferation  of c u ltu red  eukaryotic cells (M üller 1979; Iliakis 1980; 1981; 
Iliakis and  B ryan t 1983; Iliakis e t a l  1985). A t the  chrom osom al level the  
effect of th e  in h ib ito rs  a re  ev iden t in  th e  e n h a n c e m e n t of rad ia tio n
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in d u ced  dam age a s  m e a su re d  by  m e tap h a se  ch rom osom al a b e rra tio n s  
(P re s to n  1980), a n a p h a s e  b r id g e s  a n d  frag m e n ts  (B ry an t 1983), 
c h ro m a tid  a b e rra tio n s  (M ozdarani a n d  B ry an t 1987; 1989) a n d  PCC 
(Iliakis e t al. 1988b). The m o st im p o rtan t finding an d  th e  one  u pon  
w hich  th is  w ork is b a sed  is th e  inh ib ition  of d sb  rep a ir  in  X -irrad iated  
EAT cells by  p -a ra  A (B iyan t and  B lôcher 1982) and  p -a ra  C (Iliakis and  
B ryan t 1983), as de term ined  by  n e u tra l velocity sed im en ta tion  a n d  DNA 
unw inding.
4 .1 .2  The DNA unw inding a ssa y
T he p rin c ip le  u p o n  w h ich  th e  d e tec tio n  of d sb  by  th e  DNA 
u n w in d in g  tech n iq u e  is  b a se d , differs g rea tly  from  th a t  of th e  n o n ­
d e n a tu r in g  filter e lu tion  a ssa y . W hereas w ith  th e  la tte r  tech n iq u e  the  
DNA a t  pH 9 .6  rem ain s native , u n d e r  th e  m ild alkali cond itions (0.03 
m ol/1  NaOH; pH 12) em ployed  in  th e  lysis s te p  of th e  u n w in d in g  
techn ique , the  d o u b le -s tran d ed  n a tu re  of th e  DNA is progressively  lost. 
T he overall ra te  of th e  unw ind ing  in  m am m alian  DNA w as found  to be 
d e p en d a n t on the  n u m b er of free end  po in ts  w ith in  th e  DNA s tra n d  i.e. 
th e  n u m b er of DNA s tra n d  b rea k s  (A hnstrôm  and  E rixson 1973). T hus 
after a  fixed du ra tion  of a lkali trea tm en t, neu tra lization  and  son ication  (to 
p rev en t rena tu ra tion ) th e  relative a m o u n t of DNA in  sin g le-s tran d ed  (ss) 
form  is p roportional to  th e  n u m b er of s tra n d  b reaks. A lternatively  the 
relative am oun t of doub le-stranded  (ds) DNA is indicative of the  am o u n t of 
DNA th a t  h a s  rem ained undam aged .
M echan istically  sp e ak in g  th e  DNA unw ind ing  te c h n iq u e  c an n o t 
d istingu ish  betw een ssb  and  d sb  and  therefore a  to tal n um ber of b reak s is 
m e a s u re d  i.e. s sb  p lu s  d sb . B ry an t a n d  B lôcher (1982) dev ised  a 
p rocedu re  th a t  would enable  th e  d istinc tion  betw een ssb  rep a ir  an d  dsb 
rep a ir based  on the  repa ir k inetic  differential viz. th a t ssb  repa ir occurs a t
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a  co n s id e ra b ly  fa s te r  ra te  th a n  d sb  rep a ir: T he DNA u n w in d in g
m easu rem en ts  a t sh o rt in cu b a tio n  tim es (0-1 h) a fte r a  sm all X -ray dose 
( 8  Gy) reflects a lm ost en tirely  ssb  repair, w hereas the  re su lts  ob tained  a t 
longer incuba tion  tim es (2-8 h) a fte r a  larger X -ray dose (60 Gy) reflects 
m ain ly  dsb  repair. The k inetics of rep a ir of DNA s tra n d  b reak s m easured  
by  th e  unw inding m ethod after th e  firs t 2  h  of incubation  [te . a ssu m ed  to 
be  d sb  repair), w ere fo und  to  be  id en tica l to  th o se  for d sb  rep a ir  
m easu red  by n e u tra l velocity sed im en ta tion , so validating  th e  unw inding  
m ethod  for th e  m onitoring  of d sb  repa ir. A d isadvantage of th is  kinetic 
m ethod  is th a t  th e  rep a ir  of d sb  betw een  tim e zero an d  2  h  c an n o t be 
m easured .
4 .2  M aterials and m ethods
4.2.1 EAT cell culture, labelling and  irradiation
E hrlich  asc ites tu m o u r (EAT) cells a re  a  well ch arac te rised  m ouse 
tu m o u r cell line th a t  can  be grown in  suspension . The com position of the 
m ed ium  for su sp en s io n  c u ltu res  is described  in  Iliakis and  Pohlit (1979). 
Cells were kep t in exponential grow th by reducing  the  cell concen tra tion  
from  8 . 1 0 ®/ml to  2 . 1 0 ®/ml daily.
Cells a t 2.10®/m l (in 40  ml) w ere in cu b a ted  in  vertically  s tand ing  
75  cm2 p las tic  flask s  (Sterilin) for 24  h  in  th e  p resen ce  of ®H-TdR 
(tritia ted  thym idine, 1.59 TB q/m m ol). 37 -74  kBq p e r flask  (in 40  ml) 
w as u se d  for the  DNA unw ind ing  experim en ts an d  74-148  kBq for the  
n e u tra l e lu tion  experim en ts. E qu i-m olar am o u n ts  (1-2 pmol/1) of cold 
th y m id in e  w ere added  to  fac ilita te  th e  un iform  u p tak e  of rad ioactive  
thym id ine.
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Cells were d ilu ted  to a  concen tra tion  of 2-10.10®/m l in  m edium  and 
3 m l a liquo ts in  5 m l p lastic  b ijou  bo ttles were irrad ia ted  a t  a  dose-rate of 
5 .8  G y /m in . In  th e  case  of dose-response experim ents, cell sam ples were 
held  on  ice for 0 .5 - 1  h  before irrad iation , irrad ia ted  a t  0  °C and  retu rned  
to  ice u n til  th ey  could  be  p ro cessed  fu rther. For th e  DNA unw inding 
ex p erim en ts  th e  cells w ere ch ased  in  non-rad ioactive  m ed ium  prior to 
ir ra d ia tio n , w h ich  involved cen trifug ing  th e  cells o u t of th e  labelled 
m ed ium  and  rep lacing  it  w ith  unlabelled  m edium  for 4-5  h . This reduced 
th e  observed b ack g ro u n d  level of b rea k s  by m in im ising  th e  detection  of 
unw ind ing  from  rep lication  forks (Costa 1987).
For th e  sh o rt- te rm  (0-3 h) rep a ir  experim ents th e  cell sam ples (3 
m l in  b ijou  bottles) w ere h e ld  in  a  37  oc w ater b a th  for 0 .5-1  h  before 
irrad ia tio n , irrad ia ted  a t  3 7  °C an d  re tu rn ed  to th e  w a te r  b a th  for the 
app rop ria te  repa ir tim es. Cells were irrad iated  to 8  Gy for th e  short-term  
DNA unw ind ing  rep a ir experim en ts and  to 30 Gy for th e  n e u tra l elution 
re p a ir  e x p e rim en ts . T he ir ra d ia tio n s  w ere s tag g ered  su c h  th a t  all 
sam p les  w ere collected a t  a  com m on tim e point, a t  w h ich  tim e the  cells 
w ere p o u red  in to  ice-cold PBS (neu tra l elution) or ice-cold sa line  (DNA 
unw inding), an d  were k ep t o n  ice u n til fu rther processing.
For th e  DNA unw in d in g  long-term  (2-8 h) rep a ir  experim ents, the 
cells w ere irrad ia ted  to  50  Gy a t  37 oC and  th en  p la ted  o u t a t  2.10® cells 
p e r p e tri d ish  (non-tissue  cu ltu re) in  5 ml of m edium . T he sam ples were 
irrad ia ted  consecutively, p la ted  o u t an d  placed in  a  hum idified , 5 % CO2 
in c u b a to r  a t 37 oC. After th e  appropria te  incubation  tim e, sam ples were 
rem oved an d  once th e  cells h a d  b een  loosened by  p ipetting , each  sam ple 
w as divided in to  2  cen trifuge  tu b e s  contain ing  5 m l ice-cold sa line  and 
p ro cessed  fu rther.
T he re p a ir  in h ib ito rs , a ra  A (Sigma) an d  a ra  C (Sigma) were 
dissolved in  HBSS (H anks ba lan ced  sa lts  solution) a t  a  concen tra tion  of 10
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m m ol/1. Ara C w as sufficiently soluble in  HBSS a t  th is  concentration , b u t 
0 .0 7 5  m ol/1 HCl w as needed to  dissolve the  a ra  A. T hese stock  solutions 
w ere rou tine ly  s to red  a t  4  oC. The rep a ir  inh ib ito rs  w ere added to the 
cell su sp en s io n s  1 h  before irrad ia tio n  to  allow for phosphory lation . The 
in h ib i to r  c o n c e n tra tio n  w a s  k e p t th e  sam e a t  e a c h  s tag e  of th e  
experim en t Le. du ring  the  p re-irrad ia tio n  incubation , irrad ia tion  and  the 
re p a ir  tim e following irrad iation .
4 .2 .2  DNA unw inding a ssa y  and  hydroxylapatite chromatography
Lysing so lu tion  th a t  con ta ined  0 .03  mol/1 NaOH (pH 12) and  e ither 
0 .1 5  m ol/1 o r 1 m ol/1 NaCl, w as fresh ly  p rep a red  j u s t  p rio r to each  
experim en t a n d  k ep t on  ice. The cell sam ples (at 1.10® cells /sam ple) in 
ice-cold saline  so lu tion  w ere cen trifuged  to a  pellet a n d  th e  su p e rn a ta n t 
a sp ira ted . After vortexing, 0 .5  m l of ice-cold lysing so lu tion  w as forcefully 
ad d ed  to each  sam ple  u s in g  a  m icropipette . Sam ples w ere left on  ice 
u n d is tu rb e d  an d  u n d e r  cond itions of low light for 1 h . Subsequen tly , 
sam p le s  w ere n eu tra lised  by  add ing  1 . 1  ml of 0 . 0 2  m ol / 1  Na2 H P 0 4  and  
im m ediately  son icated  for 6 -10  s. After addition of 0 .2  ml 0 .85  mol/1 SDS 
(25%), sam ples w ere vortexed an d  deep  frozen (-20 °C) overnight.
After defrosting th e  sam p les w ere applied to sm all affinity colum ns 
co m p ris in g  app rox im ate ly  0 .2  g of hydroxy lapatite  gel (Biorad, 50:50 
m ix tu re  of Bio-Gel HTP a n d  DNA g rad e  HTP) held a t  60  ^c . Before and 
a fte r  sam ple  application , th e  hydroxylapatite  w as w ashed  w ith  2 .5  m l of 
0 .0 1 2 5  m ol/1 SPB (sodium  p h o sp h a te  buffer) a t  pH 6 .8 . S ing le-stranded  
DNA (ss) w as th en  e lu ted  w ith  2x 2 .5  m l of 0 .125 mol/1 SPB an d  double­
s tra n d e d  DNA (ds) w ith  2x  2 .5  m l 0 .25  mol/1 SPB. 0 .3  m l 5 m ol/1 HCl 
a n d  5 m l sc in tilla tion  cocktail (O ptiphase MP, LKB) w ere added to each 
e lu te d  sam p le  a n d  a fte r  vo rtex in g  th e  rad ioactiv ity  p e r  sam p le  w as 
dete rm ined  by liquid sc in tilla tion  counting .
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The re la tiv e  m a s s  f ra c tio n  of DNA in  d o u b le -s tra n d e d  form  
(m ds/îîids +mss) w as ob tained  from th e  ratio  Ads/(Ads +Ass). w here Ads is 
th e  activity (dpm) m easu red  in  th e  d o u b le -s tran d ed  fraction  an d  Ags the 
activ ity  m easu red  in  th e  s in g le -s tra n d ed  frac tion . T h is relative m ass  
frac tio n  is  indicative  of th e  a m o u n t of u n d am ag ed  or u n b ro k en  DNA. 
D ose-response curves w ere ob tained  by  plotting  th e  relative m ass fraction 
ag a in s t dose. In the  rep a ir experim ents the  relative m ass  fraction values 
w ere converted to 'dose' values u s in g  a  dose-response curve. T hese dose 
values, expressed in  Gy, reflect the  am o u n t of the  X -ray dam age rem aining 
a fte r the  various repair tim es.
4 .2 .3  Non-denaturing filte r  elution a s s a y  (pH 9.6)
The n e u tra l e lu tion  p rocedure  is described  in  deta il in  C hap te r 2 
(section  2 .2 .2) an d  w a s  perfo rm ed  a t  pH 9 .6  a n d  u n d e r  cond itions 
s t ip u la te d  in  se c tio n  2 .4 . T he p ro c e d u re  follow ed in  th e  re p a ir  
experim ents is described  in  detail in  C hap ter 3 (section 3.2.2).
4 .2 .4  DNA syn thesis a ssa y
U nlabelled EAT cells a t a  co ncen tra tion  of 5-6.10®/m l were placed 
in  g lass bottles in  a  w a te r b a th  and  allowed to equilibrate  to 37 oc. A ra A 
or a ra  C, in  the  form of a  10 mmol/1 stock  solution in  HBSS, w as added to 
various final concen tra tions. At chosen  tim e in tervals after th e  addition  of 
inh ib ito r, a  1 m l a liquo t of cells w as rem oved to  w hich  18.5 kBq of ®H- 
TdR w as rap id ly  added . After a n  incuba tion  tim e of exactly  5 m in  a t  37 
°C, 5 ml of cold saline w as forcefully added to th e  sam ple, w hich w as th en  
p u t  on ice. T his p ro ce ss  w as rep ea ted  a t  10, 20 . 40  a n d  60  m inu te  
in tervals following th e  add ition  of a ra  A or a ra  C an d  control sam ples were 
ru n  sim ultaneously . O nce all the  sam ples h ad  b een  accum ulated  on ice, 
th ey  were centrifuged a n d  the  su p e rn a ta n t asp ira ted . After vortexing the
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pelle ts , 1 ml of 0 .03 mol/1 NaOH w as added, followed by  1.5 m l of 0.61 
m ol/1 TCA (trichloracetic acid) 10 m in  later. Sam ples w ere stored  a t 4 
overnight to allow full precip ita tion  of DNA.
T he p re c ip ita te d  DNA w as co llec ted  on  to  g la ss -f ib re  filte rs 
(W hatm an), rin sed  twice w ith  ice-cold 0.31 m ol/1 TCA a n d  finally w ith 
ice-cold  abso lu te  e thano l. 4  m l of sc in tilla tion  cocktail (O ptiphase MP, 
LKB) w as added to the  dried  filters a n d  radioactivity p e r filter determ ined 
b y  liquid scintillation counting.
The m ean value of the  ®H-activity per filter a t the  various sam pling 
tim e s  w as d e te rm in ed  for th e  c o n tro l sam p les  a n d  th is  v a lu e  w as 
no rm alised  to unity . The inco rpo ra tion  of ®H-TdR in  th e  p resence  of the 
in h ib ito r  w as th en  ca lcu la ted  rela tive to th is  no rm alised  m ean  control 
v a lu e  an d  p lo tted  a g a in s t th e  tim e e lapsed  betw een  a d d itio n  of the  
inh ib ito r and  sam pling.
4 .3  Results
4.3 .1  Inhibition o f  DNA sy n th e s is
The inhibitory action of th e  nucleoside analogues a ra  A an d  a ra  C on 
DNA sy n th esis  w as tes ted  by  m easu rin g  the ex ten t of ®H-TdR (tritia ted  
thym idine) incorporation  in to  th e  DNA of EAT cells du rin g  a  5 m in  pulse. 
T he am o u n t of ®H-activity in c o rp o ra te d  in to  th e  DNA of th e  con tro l 
sam p les  of EAT cells d u rin g  a  5 m in  pu lse  w ith 18.5 kB q ®H-TdR and  
ta k e n  a t  various sam pling tim es, is given in  Table 4.1.
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Incubation tim e  
(m in)
3h -
controli
dpm
contrôla
1 0 14 882 14 250
2 0 14 168 16 617
4 0 16 739 16 295
6 0 14 582 15 817
(m ean = (m ean =
15 097) 15 745)
Table 4.1 The amount of ®H-actlvlty incorporated into the DNA of EAT cells during a 5 min 
pulse with ®H-TdR in the absence of the DNA synthesis inhibitors.
The in co rp o ra tio n  of ®H-activity in  th e  p resen ce  of th e  DNA syn thesis  
inh ib ito rs w as ca lcu la ted  relative to the  m ean  v a lu es determ ined for the 
con tro l sam p les  a s  show n  in  Table 4 .1 , w here  th e  m ean  value of the  
controls w as norm alised  to unity . The re su lts  of th e  DNA synthesis assay  
in  th e  p resen ce  of th e  d ru g s are  given in  Fig. 4 .1 , w here  the  cells were 
in cu b a ted  in  m ed ium  a t  37  °C in  the  p resence  an d  absence  of (a) a ra  A 
and  (b) a ra  C.
o •g | 1.00-If 0.75-
0.50-; 0.25-
0.00-
0
(a)
10  pmol/l 
1 0 0  pmol/1
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Figure 4.1 DNA synthesis assay; relative incorporation of ^H-TdR into the DNA of EAT 
cells incubated at 37 °C in the presence and absence of (a) ara A and (b) ara C.
|xmol/l
In  th e  absence  of th e  In h ib ito rs  th e  incorpora tion  of ^H-TdR in to  DNA 
w as found to be approx im ate ly  c o n stan t over th e  1 h  in cu b a tio n  period 
(Table 4.1). A s tro n g  d e c rea se  in  in co rp o ra tio n  w as observed , th a t  
in c reased  w ith  in cu b a tio n  tim e, after the  add ition  of 1 0  a n d  1 0 0  pm ol/l 
a ra  A (Fig. 4.1a) or a ra  C (Fig. 4.1b). An a ra  A concen tra tion  of 100 pmol/1 
w as sufficient to  a lm ost com pletely inh ib it DNA syn thesis , a s  m easured  by 
th e  in co rp o ra tio n  of ^H -TdR, a fte r cells h a d  b e e n  in c u b a te d  in  the 
p resen ce  of a ra  A for 1 h . A ra C w as found  to  be  m ore effective in 
in h ib itin g  DNA sy n th e s is , a n d  10 pm ol/1 w as su ffic ien t to  com pletely 
in h ib it ^H -incorporation a fte r a  2 0  m in  incuba tion  in terval. Since these 
w ere  exponen tia lly  grow ing cells th e  above re s u l ts  im ply  th a t  sem i­
conservative DNA sy n th esis  c a n  be virtually  com pletely inh ib ited  by  either 
a ra  A (100 pmol/1) or a ra  C (10 pmol/1).
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4.3 .2  DNA unw inding  results
A  dose-response  curve for EAT cells following X -irradiation  obtained 
w ith  th e  DNA u n w in d in g  m ethod  u s in g  0 .1 5  m ol/1 NaCl In th e  lysis 
solution, Is show n In Fig. 4.2.
1
•8
S
>3
.1
10 400 20 30 50
control
■o — ara A 
(400 |amol/l)
D ose (Gy)
Figure 4.2 Dose-response curve for induction of DNA strand breaks in X-irradiated EAT cells in the presence and absence of 400 pmol/1 ara A measured by the DNA unwinding method (pH 12). The frequency of strand breaks is inversely related to the logarithm of the function: (mds/mds +m sj' Vertical bars represent the standard error of mean values.
The relative m ass  fraction  (m ds/m ds+m ss). w hich reflects th e  proportion  
of undam aged  DNA (see section  4.2.2), is  plotted ag a in st dose an d  can  be 
seen  to  decrease  In a  linear m an n e r w ith  increasing  dose. The response  
of cells w hich h a d  b een  Incubated  in  th e  presence of 400  jimol/1 a ra  A for 
1 h o u r  before irrad ia tio n  a n d  irrad ia ted  in  th e  p resen ce  of a ra  A (400 
pmol/1) is show n by  th e  d ash ed  line. C learly the  p resence  of 400  jimol/1 
a ra  A did n o t affect th e  Induction  of DNA breaks by X -lrradlation.
The DNA unw ind ing  dose-response  rela tionsh ip  of X -irrad iated  EAT 
cells, following lysis in  h igh  ionic s tren g th  (1 mol/1 NaCl) a lkaline solution 
(0.03 mol/1 NaOH) is show n in  Fig. 4.3.
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Figure 4,3 DNA unwinding dose-response of X-irradiated EAT cells following lysis in high ionic strength (1 mol/1 NaCl) alkaline solution (pH 12). The data points are the mean of two experiments and the vertical bars the standard error of mean values.
S tra n d  se p a ra tio n  of th e  DNA u n d e r  a lk a lin e  co n d itio n s  (pH 12) is 
a c c e le ra te d  b y  h ig h  NaCl c o n c e n tra tio n s  (R ydberg 1975). T h is 
su b s tan tia lly  in c reases th e  sensitivity  of th e  technique and  th u s  facilitates 
dose-resp o n se  m ea su re m e n ts  in  th e  lower dose range of 0 -12  Gy. The 
re la tive  m a ss  frac tio n  (m ds/^^ds +niss) show s a  l in e a r  decrease  w ith 
increas ing  dose an d  it  w as w ith  th e  aid  of th is  dose-response  curve (Fig.
4.3) th a t  th e  re la tiv e  m a ss  frac tio n  v a lu e s  o b ta in ed  in  th e  rep a ir  
experim ents w ere converted to rem ain ing  dam age values, to  be expressed 
in Gy.
U sing th e  DNA unw ind ing  m ethod , th e  k inetics of DNA rep a ir  of 
EAT cells w ere followed u p  to 1 h  post-irrad ia tion  (8  Gy) in  th e  presence 
an d  absence of a ra  A an d  a ra  C . These sho rt-term  repa ir resu lts , assum ed  
to  reflect rap id  s sb  repair, a re  show n in  Fig. 4.4.
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Figure 4.4 Kinetics of disappearance of remaining damage, interpreted as DNA ssb repair, as a function of time after X-ray exposure (8 Gy) in the presence and absence of (a) ara A and (b) ara C. Vertical bars represent standard error of mean values.
The con tro l sam p les (in b o th  (a) a n d  (b)) show  typical b ip h as ic  k inetics 
for s sb  repa ir, a s  h a s  been  previously  reported  for EAT cells (B ryant e t a l  
1984). Lower concen tra tions of a ra  C w ere used, since a ra  C w as found to 
in h ib it DNA sy n th e s is  m ore effectively for the  sam e co n cen tra tio n  th a n  
a ra  A (see Fig. 4.1). From  p ane l (a) it c an  be seen  th a t  s sb  rep a ir  w as 
inh ib ited  in  th e  p resence  of a ra  A a n d  th a t  the  ex ten t of inh ib ition  w as 
g rea ter a t  1600 pmol/1 th a n  a t  400  pm ol/l. It is obvious th a t  even a t  the
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exceedingly h igh  concen tra tion  of 1600 pmol/1 a ra  A, s s b  repa ir w as not 
com pletely  inh ib ited . In th e  case  of a ra  C (panel (b)) co n cen tra tio n s of 
100 pm ol/1 and  400 pm ol/1 re su lte d  in  more or less th e  sam e ex ten t of 
inh ib ition  of ssb  repair, b u t  once again  full inhibition of s sb  repa ir w as not 
achieved.
U sing th e  DNA unw in d in g  m ethod , th e  rep a ir  of EAT cells after 
exposure  to 50 Gy of X -rays w as followed from 2 h  to 8  h  post-irradiation . 
T hese  long-term  rep a ir experim en ts, assum ed  to reflect d sb  repair, were 
perform ed in the  p resence  an d  absence  of (a) 400 an d  1600 jimol/1 a ra  A 
a n d  (b) 100 and  400 |im o l/l a ra  C an d  the  resu lts  a re  p resen ted  in  Fig.4.5.
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Figure 4.5 Kinetics of disappearance of remaining damage, interpreted as DNA dsb repair, as a function of time after X-ray exposure (50 Gy) in the presence and absence of (a) ara A and (b) ara C. Vertical bars represent standard error of mean values.
A d isap p ea ran ce  of rem ain ing  dam age (Gy) w ith  tim e w as observed in the 
c o n tro l sa m p le s  (panel (a)), w h ich  followed a p p ro x im a te  first-o rder 
k in e tic s  w ith  a  t i / 2  of som e 2-3 h . This k inetic  is in  ag reem ent w ith 
p rev io u s DNA unw ind ing  rep a ir  d a ta  for EAT cells (B ryan t and  Blocher 
1980). Cells th a t  were in cu b a te d  in  th e  p resence  of 4 0 0  pm ol/1 a ra  A 
show  a  c o n s ta n t level o f rem ain ing  dam age, w hich  im plies th a t  no dsb 
re p a ir  h a s  tak en  place a n d  th is  w ould seem  to  ind icate  th a t  dsb  repair is 
com plete ly  inh ib ited  a t  th is  concen tra tion  of a ra  A. T he d a ta  a t 1600 
|im o l/l  a ra  A also show  no repa ir, b u t  reveal a  h ig her level of rem aining 
dam age.
T he d isa p p ea ran c e  of rem ain ing  dam age (Gy) w ith  tim e for the 
con tro l sam ples in  (b) show  slow er k inetics th a n  m easu red  in  (a), w ith a 
t i / 2  o f 4-5 h. The rea so n  for th is  is  n o t understood  (bu t could have been 
d u e  to  unfavourab le  rep a ir  conditions on the  day  of th e  experim ent). The 
cell sam p les  th a t  h a d  b e e n  in cu b a te d  in  th e  p resen ce  of 100 or 400 
pm ol/1  a ra  C show  sligh tly  h ig h e r and  m ore or le ss  c o n s ta n t levels of
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rem ain in g  dam age over th e  8  h  in cu b a tio n  period , w h ich  w ould also 
signify com plete in h ib itio n  of d sb  repair. The d a ta  ob tained  a t  th e  two 
co n cen tra tio n s  (100 a n d  400  pm ol/l) show ed no  sign ifican t difference, 
unlike the  resu lts  ob tained  w ith  a ra  A (panel (a)).
4 .3 .3  Non-denaturing fi l te r  elution (pH 9.6) resu lts
D ose-response cu rves a s  m easu red  by  n o n -d en a tu rin g  filter e lu tion  
(pH 9.6), a ssu m e d  to  re flec t d sb  in d u c tio n , a re  show n  in  Fig. 4 .6  
(background elu tion  v a lu es have been  sub tracted).
1
I
0
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D ose (Gy)
control 
ara A
(400 Mmol/1)
Figure 4.6 The dose-response for X-irradiated EAT cells, in the presence and absence of ara A, measured by non-denaturing filter elution (pH 9.6). The fraction of DNA eluted at 16 h was used and the points represent the mean of 2 experiments and the vertical bars the standard error of mean values.
The sigm oidal fitting  is b a se d  on prev ious n e u tra l  e lu tion  experim ents 
(see Fig. 3.4). C learly th e  p resence  of 400 jimol/1 a ra  A did n o t affect the 
in d u c tio n  of d sb  b y  X -rays. It is in te re s tin g  to  n o te  th a t  th e  dose- 
response  curve ob ta ined  for EAT cells is very sim ilar to th a t  ob tained  for 
OHO cells (see Fig. 3.4).
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The rep a ir  a fte r  a  dose of 30  Gy w as followed u p  to 3 h  p o s t­
ir ra d ia tio n  u s in g  th e  n e u tra l  e lu tio n  a s sa y  (pH 9.6) an d  the  re su lts  
ob tained  in  th e  p resence and  absence of a ra  A are show n in  Fig. 4.7.
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Figure 4.7 Kinetics of disappearance of DNA strand breaks measured by non-denaturing filter elution (pH 9.6), as a function of incubation time after X-ray exposure (30 Gy) in the presence and absence of ara A  The data points represent the mean of 3 experiments and the vertical bars represent standard error of mean values. In (b) the data from (a) is calculated as % breaks rejoined.
T he decrease  in  th e  frac tion  of DNA elu ted  w ith  tim e (Fig. 4.7a) indicates 
th a t  rejoining of the  DNA h a d  occurred . The d a ta  suggest b iphasic  repa ir 
k in e tic s  a n d  e s t im a te s  of th e  t i / 2  o f th e  rap id  a n d  slow  re p a ir
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c o m p o n e n ts  fo r th e  c o n tro l sa m p le s  w ere  6  m in  a n d  114 m in 
respectively. T he cells th a t  h ad  been  in cu b a te d  in  th e  p resence  of 400 
pm ol/1 a ra  A show  m arg inally  less repa ir an d  th e  1600 pmol/1 sam ples 
less again. The d a ta  from  (a) h a s  been  plotted  a s  % b reak s  rejoined in  (b), 
a s  described in  section  3 .2 .2 . From (b) it  can  be seen  th a t  for the  control 
d a ta  approxim ately  9 0  % of th e  b reaks w ere rejoined d u ring  the  180 m in 
period following irrad ia tion , w hereas 75 % of th e  lesions were repaired  in 
th e  p resence  of 4 0 0  p m o l/l  a ra  A and  60  % in  th e  p resence  of 1600 
p m o l/1.
The re su lts  of th e  repa ir assay, using  n e u tra l e lu tion  (pH 9.6) in the 
p resence and  absence  of a ra  C are given in  Fig. 4.8.
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Figure 4.8 Kinetics of disappearance of DNA strand breaks measured by non-denaturing filter elution (pH 9.6), as a function of Incubation time after X-ray exposure (30 Gy) in the presence and absence of ara C. In (b) the data from (a) is calculated as % breaks rejoined.
T he con tro l d a ta , a lthough  n o t a s  de ta iled  a s  in  Fig. 4 .7 , also reflects 
b ip h asic  rep a ir k inetics. H ie  sam ples th a t  h a d  been  incubated  w ith  400 
p.mol/1 a ra  C show  m arginally less repair. From  (b) it can  be seen th a t  90 
% of th e  b re a k s  h a d  re jo ined  d u rin g  th e  180 m in  p o s t- irrad ia tio n  
in cu b a tio n  period  for the  control sam ples an d  approxim ately  78 % of the 
lesions w ere rep a ired  in  the presence of 400  pm ol/1 a ra  C.
4.4 Discussion
It h a s  b een  show n th a t  th e  p resence  of b o th  a ra  A and  a ra  C re su lt 
in  s tro n g  in h ib itio n  of DNA sy n th e s is  in  EAT cells (Fig. 4.1). The 
lite ra tu re  w ould su g g est th a t th is  inh ib ition  is due  to  the  inhibitory  action  
o f th ese  nuc leoside  analogues on DNA polym erase, especially polym erase 
a  (Müller e t a l  1977; O kura an d  Y oshida 1978; S tam m berger e t a l  1989) 
w h ich  is g en e ra lly  accep ted  a s  th e  po lym erase  responsib le  for DNA
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rep lica tion  in  th e  n u c le u s  (reviewed in  M iller an d  C h inau lt 1982). My 
d a ta  (Fig. 4.1) w ould su g g e s t th a t  a r a  C in h ib its  DNA sy n th e s is  m ore 
effectively th a n  a ra  A, since com plete inh ib ition  by a ra  C w as achieved at 
one te n th  of the  concen tra tion  requ ired  for a ra  A.
T he s h o r t- te rm  re p a ir  e x p e rim e n ts  perfo rm ed  w ith  th e  DNA 
unw inding  technique (Fig. 4.4), show  th e  inh ib ito ry  effect of a ra  A an d  ara  
C on w h a t is  a ssu m ed  to  b e  s sb  repa ir. T hese re su lts  a re  in  agreem ent 
w ith  th e  re s u lts  of B ry an t a n d  B lôcher (1982), who found s ign ifican t 
inh ib ition  of ssb  rep a ir by  a ra  A in  EAT cells for concen tra tions greater 
th a n  500 pm ol/l. The re su lts  from  Fig. 4 .4  suggest th a t the  inh ib ition  of 
ssb  repa ir increases w ith  increas ing  a ra  A concentra tion , w hereas th e  a ra  
C concen tra tion  did n o t seem  to  affect th e  ex ten t of inhibition.
A sim ilar tendency  is observed in  th e  long-term  repa ir experim ents 
u sin g  the  DNA unw inding  m ethod , w hich  is a ssum ed  to reflect d sb  repair 
(Fig. 4.5). T here seem s to be  a  co n cen tra tio n  effect w ith  a ra  A b u t  not 
w ith  a ra  C. Full inh ib ition  of d sb  repa ir w as obtained  a t  400 {imol/1 a ra  A 
an d  a t 100 p.mol/1 a ra  C. The elevated level of residual dam age m easured  
a t  1600 pm ol/1 a ra  A could possib ly  be d u e  to  th e  extensive inh ib ition  of 
s s b  rep a ir , a s  observed  in  Fig. 4 .4  (b), b u t  th e  effect of com plete  
deregulation  of cell m etabolism  a t th is  h igh  a ra  A concentration  can n o t be 
ru led  out.
The re su lts  p resen ted  in  Fig. 4 .5  essen tia lly  confirm  those  obtained 
by  B ryan t and  B locher (1982) an d  Iliakis an d  B ryan t (1983), w ho using  
th e  DNA unw inding  m ethod, found th a t  th e se  d rugs inh ib it the  rep a ir of 
dsb . B ryan t an d  B locher (1982) m easu red  th e  sam e inhibitory  effect with 
th e  n e u tra l  ve locity  se d im e n ta tio n  a s sa y , w h ich  verifies th a t  DNA 
unw ind ing  does in fac t de tec t dsb  rep a ir u n d e r  th e  conditions m entioned 
above. IHaMs and  B ryan t (1983), u sing  equal concen tra tions of a ra  A and
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a ra  C, determ ined  th a t  a ra  C re su lte d  in  g rea ter inh ib ition  of d sb  repair 
b u t  the  d a ta  show n in  Fig. 4.5 does n o t su b s tan tia te  this.
In c o n tra s t  to th e se  re s u l ts  o b ta in ed  w ith  DNA unw ind ing , the  
n e u tra l  e lu tion  a ssa y  a t  pH  9 .6  (Figs. 4 .7  an d  4.8) show s only lim ited 
inh ib ition  of dsb  repa ir in th e  p resence  of a ra  A and  a ra  C. From  Fig. 4.7 
(b) i t  can  be seen  th a t  80  % of rep a ir  (when norm alised  to th e  control 
value of 90  %) occurred  in  th e  p resence  of 400  |xmol/l a ra  A, and  abou t 
67  % re p a ir  a t  1600 jxmol/1 a ra  A w hen  com pared  w ith  co n tro ls . 
Sim ilarly, Fig. 4 .8  show s lim ited in h ib ition  of rep a ir in  th e  p resence  of 
a ra  C, w hich  co rre sp o n d s to  ap p ro x im ate ly  80  % of re jo in ing  w hen 
norm alised  to th e  control value of 9 0  %.
The ac tu a l m e c h a n ism /s  of d sb  rep a ir a re  as yet unknow n an d  it is 
therefore difficult to reconcile th e  effect of a ra  A and  a ra  C on dsb  repair 
w ith  the  inh ib ito ry  action  of th e  d ru g s on the  DNA polym erases a  or p. It 
shou ld  also be no ted  th a t  the  underly ing  m echanism  by w hich these  drugs 
inh ib it DNA syn thesis  h a s  n o t been  fully elucidated. This investigation of 
th e  n eu tra l elution a ssay  u sing  a ra  A an d  a ra  C is therefore solely based  on 
th e  em pirical observation  of th e  d ru g s’ inhibitory  action on dsb  rep a ir  of 
B ryan t and  Blocher (1982) and  Iliakis an d  B ryant (1983).
D ue to the  different experim ental conditions u sed  in  th e  two assays 
p resen ted  here, i t  w as n o t possib le  to  draw  a  d irect com parison  betw een 
th e  a c tu a l n u m b ers  of u n rep a ired  dsb . The aim  w as ra th e r  to com pare 
relative ra te s  an d  ex ten t of rep a ir in  th e  presence of th e  inh ib ito rs, a ra  A 
a n d  a ra  C, a n d  th e reb y  to d e te rm in e  if n o n -d en a tu rin g  filte r e lu tion  
(th o u g h t to  d e tec t dsb) revealed  th e  sam e ex ten t of in h ib itio n  of dsb 
repair. The re su lts  p resen ted  here  w ith  a ra  A and  a ra  C therefore suggest 
th a t  n e u tra l e lu tion  (pH 9.6) m igh t de tec t a  lesion th a t  is d ifferent from 
th a t  m easu red  by DNA unw ind ing  or n eu tra l velocity sed im enta tion . The 
fa c t th a t  only lim ited  in h ib itio n  of d sb  rep a ir  w as observed  in  the
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p resen ce  of th e  DNA sy n th esis  inh ib ito rs, in d ica te s  th e  possib ility  th a t 
n o n -d en a tu rin g  filter e lu tion  m ay d e tec t a  specific type of d sb  w hich is 
rep a ired  u n d e r  c o n d itio n s  w here  DNA p o ly m eriza tio n  is d ras tica lly  
reduced .
The finding th a t  n o n -d en a tu rin g  filter e lu tion  a n d  DNA unw inding 
are  n o t detecting  th e  sam e type of lesion, su g g ests  th e  existence of more 
th a n  one type of dsb . These possibly d isp a ra te  d sb  are  d istingu ished  on 
th e  b a s is  of th e  d ifferen tia l req u ire m e n t for DNA po lym erization  for 
repair. The re su lts  p resen ted  in  th is ch ap te r w ould seem  to indicate tha t 
th e  rejo in ing  m ech an ism s in  question  a re  (a) a  sim ple ligation  process 
w hich  does n o t involve DNA polym erases, a n d  (b) a, a s  ye t unknow n, 
m ech an ism  th a t  h a s  a n  ab so lu te  req u irem en t for DNA polym erization. 
These re su lts  would th u s  suggest th a t  n e u tra l e lu tion  detects a  type of dsb 
w hich  can  be re jo ined  by  sim ple ligation  w h ereas DNA unw ind ing  and  
velocity se d im en ta tio n  m on ito r d sb  w h ich  have  a  p re req u is ite  of DNA 
polym erization for repair.
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5.1 Introduction
The a im s of th is  w ork  w ere two fold; firstly  to de term ine  w he ther 
th e  n o n -d en a tu rin g  filter e lu tion  techn ique  de tec ts  dsb  in  ce llu la r DNA 
a n d  secondly  to follow th e  in d u c tio n  an d  rep a ir of th e  d sb  in d u ced  by 
res tric tio n  endonucleases (RE). RE th a t  generate  d sb  w ith  various end- 
s tru c tu re s  were u sed  and  in so doing it w as hoped th a t  th ey  w ould be of 
he lp  in  solving th e  question  a s  to th e  n a tu re  of th e  b reak s  de tec ted  by 
n o n -d en a tu rin g  filter elution.
5.1.1 Restriction endonucleases (RE)
R estriction endonucleases (RE) are  enzym es, isolated from  a  variety 
of bac te ria , w hich  can  degrade  DNA by  cleavage of bo th  s tra n d s  of the 
DNA a t  specific recognition seq u en ces (Roberts 1987). As a  re su lt of the 
a b ility  of RE to  in d u ce  d sb  in  m a m m a lia n  DNA th e y  h av e  b een  
im p lem en ted  to m odel th e  d sb -in d u c in g  ac tion  of ra d ia tio n  (B ryant 
1984). The advantage of u s in g  RE is th a t, unlike rad ia tion  w hich  induces 
a  ran g e  of DNA les ions (ssb , d sb , c ro ss-lin k s , b a se  dam age), th ese  
enzym es generate  solely dsb . RE th u s  allows a  s tu d y  of the  biochem ical 
a n d  cytogenetic co n seq u en ces of DNA dsb , w ith o u t th e  in te rfe rence  of 
o th e r lesions.
T he RE u se d  in  th is  s tu d y , P v u  II, B a m  H I a n d  E c o  R1 
(N o rth u m b e rla n d  B io log ica l L a b o ra to rie s ) , h a v e  th e  p ro p e r ty  of 
recogn ising  a  specific 6  b a se  sequence . The site  a t  w hich  th e  d sb  is 
generated  is fixed w ith re sp ec t to  th e  recognition sequence an d  is un ique 
to each  RE:
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Pvu  II 5' -C A G ’C T G - 3'
3 ’ -G T C .G A C - 5'
Bam  H I 5’ -G ^G A TC C - 3'
3 ' -CCTAG^G-- S'
Eco R1 S' -G 'a A T T C -  3'3' -CTTA A ^G - S'
T he c u ttin g  frequencies of th e se  enzym es in  m am m alian  DNA are partly  
d e te rm in ed  by the  frequency  of th e  recognition s ite s  in  th e  genom e. A 
lim ita tio n  on the  n u m b er of availab le  cu tting  sites will be  th e  s ta te  of 
condensa tion  of DNA. From  a  m odel proposed by B ishop e t a l  (1983) Pvu  
II is  expected  theo re tica lly  to  c u t  m am m alian  DNA every 2900 -3200  
b a se s , B a m  H I once every 5500-70 00  b ases and  Eco R1 every 3000 bases 
(B ryant 1988; W inegar an d  P resto n  1988).
It c a n  be seen  from  th e  in c is io n  s ite s  w ith in  th e  recogn ition
seq u en ces show n above, th a t  Pvu  II p roduces d o u b le -s tran d  b reak s  w ith 
b lu n t-e n d e d  term in i w h e rea s  B a m  H I and  Eco  R1 p ro d u ce  cohesive- 
en d ed  d sb  w ith a  4 b a se  overlap . T his difference in  th e  ac tion  of the  
above RE w as explo ited  to  in v es tig a te  w h e th e r th e  ab ility  of n o n ­
d e n a tu r in g  filter elu tion to  d e tec t d sb  is affected by  the  end  s tru c tu re  of
th e  b reak s.
Up till now trea tm en t of living cells w ith RE h a s  m ain ly  been  used  
in  cytogenetic investigations w here  i t  w as show n th a t  CA are  induced  by 
d sb  in  DNA of cells (B ryant 1984; N atara jan  an d  Obe 1984; Obe e t al. 
1985; N atarajan  e t a l  1985; Obe and  W inkel 1985; G ustavino  e t a l  1986; 
W inegar an d  Preston 1988). O ther end-po in ts su ch  as  m u ta tio n  (Obe e t 
a l  1986), cell le th a lity  (B ryan t 1985) a n d  oncogenic tran s fo rm a tio n  
(B ryant an d  Riches 1990) have  since  been  s tu d ied . O nly two a ttem p ts  
h a v e  b e en  m ade to m e a su re  freq u en c ie s  of re s tr ic tio n  d sb  u s in g
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biochem ical a ssa y s  viz. by  B ryant (1984) a n d  N atara jan  e t a l  (1985), and  
no  s tu d ies  have a s  ye t been  able to a d d re ss  th e  question  of the kinetics of 
rep a ir  of R E -generated  b reaks.
A lthough th e  m echan ism s of the  re p a ir  of rad ia tion- or RE-induced 
b rea k s  a re  n o t know n, it is  though t un like ly  th a t  th e  repa ir is exactly the  
sam e in  b o th  c a se s  (B ryant 1988). This is  d u e  to  th e  fact th a t RE breaks 
h ave  'c le a n ’ 3 ’-hydroxy l an d  5*-phosphoryl te rm in i w hich  m ay sim ply 
requ ire  ligation to  be  rejoined, w hereas rad ia tion -induced  dsb  are though t 
likely to  have  ‘d irty ’ en d s  w hich req u ire  enzym atic  m odification before 
rep a ir  can  tak e  p lace  (H enner e t a l  1982).
A m ajo r lim ita tio n  en co u n tered  in  th e  u se  of RE in m odelling 
rad ia tio n  effects, h a s  b een  the  less th a n  optim al m ethods by w hich the  RE 
have b e en  in tro d u ced  in to  th e  cells. T hese  m ethods include th e  u se  of 
in ac tiv a ted  S en d a i v iru s  (B ryant 1984), th e  ‘pellet’ m ethod of Obe e t a l  
(1985) a n d  tre a tm e n t w ith  hypertonic o r hypotonic shock  (Winegar an d  
P re s to n  1988). A m ajo r in co n sis ten cy  w h ich  h a s  led  to considerab le  
con troversy  cen tre s  a ro u n d  the  relative effectiveness of RE th a t generate  
cohesive-ended d sb  in  causing  chrom osom al aberra tio ns. Some w orkers 
have found  th ese  enzym es to be less effective th a n  RE th a t induce b lun t- 
ended  d sb  (B ryant 1984; N atarajan  a n d  Obe 1984; B ryan t et a l  1987), 
w hereas o th ers  have  found  them  to be equally  effective [e.g. G ustavino  e t  
a l  1986; W inegar a n d  P reston  1988). T hese  inconsistencies betw een the  
re su lts  ob tained  by  various w orkers have b een  a ttrib u ted  to the different 
te c h n iq u e s  em ployed  to  perm eab ilise  th e  cells to  RE (B ryant 1988; 
B ryan t a n d  C hristie  1989).
5 .1 .2  E lectropora tion
R ecently  W inegar e t a l  (1989a) have  show n th a t  the  techn ique  of 
e lec tropo ra tion  is  a  rap id  an d  efficient m ethod  for in troducing  RE in to
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m am m alian  cells. They found  th a t  e lec tropora tion  gave m ore reliable 
re su lts  th a n  th e  above m entioned  tech n iq u es  in  th a t  the  cell popu lation  
w as evenly perm eabilised.
T he basic  principle of th e  e lectroporation  technique is b ased  on the 
fac t th a t  th e  cell m em b ran e  is u n a b le  to  p a ss  electric  c u r re n t  and  
th e re fo re , w h en  i t  is  su b jec ted  to  a  h igh-voltage DC e lec tric  pu lse , 
th in n in g  a n d  reversible b reakdow n of th e  m em brane occurs in  localised 
a re a s  (Knight 1981; Potter 1988). T he resu ltin g  ‘pores’ in  th e  m em brane 
will resea l provided the  m agn itude  o r d u ra tio n  of the  electric p u lse  does 
n o t  exceed c ritic a l lim its beyond  w h ich  th e  cell will b e  irreversib ly  
dam aged  (Shigekawa and  Dower 1988). The diam eter, lifetime, n u m b ers  
a n d  location of th ese  pores have ac tu a lly  been  visualized u s in g  low light 
level v ideo m icro scopy  (Sow ers a n d  L ieber 1986) a n d  p u lse d - la se r  
fluorescence m icroscopy (Kinosita e t  a l  1988).
The m ost im p o rtan t p a ra m e te rs  in  determ ining  the  su c c e ss  of the 
e lec tropora tion  trea tm e n t a re  th e  m ax im um  voltage of th e  electric  field, 
th e  d u ra tio n  of th e  p u lse  a n d  th e  com position  of th e  e lec tropo ra tion  
buffer. T hese p a ram ete rs  need  to  be  optim ised for each  cell type (Potter 
1988, A ndreason  and  E vans 1988). U nder th e  correct conditions th e  size 
a n d  lifetim e of th e  t r a n s ie n t  p o re s  will allow  th e  u p ta k e  of large 
m olecules su c h  a s  enzym es (A ndreason an d  Evans 1988) a n d  even larger 
m olecules u p  to th e  size of DNA (Chu e t al. 1987).
A B e th e s d a  R e s e a r c h  L a b o r a to r ie s  (BRL) C e ll -P o ra to r  
e lec tro p o ra tio n  sy s tem  a n d  d isp o sa b le  e lectroporation  c h a m b e rs  w ere 
u se d  in  th is  s tudy . This C ell-Porator u se s  a  capacitor d ischarge to  deliver 
a  exponentia lly  decaying p u lse , th e  d u ra tio n  of w hich is d e te rm in ed  by 
th e  cap ac itan ce  an d  re s is ta n c e  se ttin g  (the grea ter the  c ap a c ita n c e  or 
re s is ta n c e  the  longer th e  pu lse), a n d  b y  th e  conductivity of th e  so lu tion  
(the  h ig h er th e  conductiv ity  th e  s h o r te r  th e  pulse). The fie ld -s tren g th
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(E) is  determ ined  by  th e  voltage se ttin g  (V) : E  = ^ / d ,  w here d is the  
d is ta n c e  b e tw ee n  th e  e le c tro d e s  (d -0 .4  cm  for th e  d isp o sa b le  
electroporation  ch am b ers  u se d  here).
In th is  s tu d y  th e  e le c tro p o ra tio n  tec h n iq u e  w a s  em ployed to 
perm eabilise  CHO cells to  RE and  the  conditions, found to be optim al for 
CHO cells, of W inegar e t  a l  (1989a) were used . The only  difference w as 
th a t  th e  cells w ere e lec tropo ra ted  in  MEM ra th e r  th a n  HEPES-buffered 
sa line  (Winegar e t a l  1989a), a s  prelim inary  contro l experim ents showed 
th a t  cell survival w as h igher after electroporation in  MEM.
5 .2  Materials and m ethods
5.2.1 Cell culture and  labelling
A synchronous p o p u la tio n s  of exponentially  grow ing CHO K1 cells 
w ere  u se d  an d  th e  cell c u ltu re  an d  lab e llin g  p ro c e d u re s  w ere as 
described  in  sec tions 2 .2 .1  a n d  2 .3 .1 . Briefly, 75  cm2 p las tic  tissu e  
c u ltu re  flasks w ere seeded  w ith  1.10® cells in  10 m l MEM and  labelled 
w ith  3 .7  kB q /m l 3R-TdR for 48  h.
5 .2 .2  Purification o f  the  R E
R estric tio n  e n d o n u c le a se s  w ere ro u tin e ly  k e p t a t  - 20  °C in  a  
s to ra g e  b u ffe r  (SB) c o n ta in in g  50  % g lycero l. In  p re lim in a ry  
experim en ts, th e  sto rage  bu ffer alone w as found  to  have  a  de trim ental 
effect on e lectroporated  cells in  th a t  increased  e lu tio n  of th e  DNA was 
observed. It w as therefore  decided to purify th e  enzym es free of storage 
buffer. Purification w as achieved by u ltrafiltra tion  w ith  Am icon-10 filters 
(B ryant an d  C hristie  1989), w hich are ‘m olecular sieve’ type filters w ith a
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10 000  dal ton c u t off po in t (the m olecular m a ss  of RE are in  the range of 
2 0 -60  Kd).
A m icon-10 filters w ere sterilised  b y  r in s in g  repeated ly  w ith 70 % 
alcohol and  finally w ith  sterile distilled w ater. T he filters were sa tu ra ted  
w ith  bovine se ru m  a lbum in  (BSA) p ro te in  to  p rev en t th e  loss of th e  RE 
du rin g  the  recovery s tep  by adsorp tion  to th e  filter, and  kep t on ice. The 
RE, d ilu ted  in  1 m l HBSS w as app lied  to th e  filter an d  sub jected  to 
centrifugation  a t 8  K rpm  for 1 h  a t 2 ^ c . The d ilu tion  and  centrifugation 
w as repeated  before recovery of the  RE in  approxim ately  50-60 |il HBSS. 
The RE w as th en  p repared  to a  final concen tra tion  of 10 units/p . 1 in  HBSS 
contain ing  1 % BSA an d  6  mmol/1 MgCl2  and  sto red  on ice.
5 .2 .3  Electroporation and  subsequen t incubation
After trypsin ization , cells were re su sp e n d ed  in  MEM to give a  final 
concen tra tion  of 1.10® cell/m l. E lectroporation  w as perform ed in  MEM 
a t  am bien t tem pera tu re  u sing  a  BRL Cell-Porator. Appropriate am ounts of 
purified  RE were m ixed w ith  1 ml of cell su sp e n s io n  in  an  E ppendorf 
tu b e  before tra n s fe r  in to  a  d isposab le  e lec tro p o ra tio n  cham ber. The 
e lec tro p o ra tio n  co n d itio n s o f W inegar e t al. (1989a) were used: field- 
s tre n g th  650  V /cm , cap ac itan ce  1600 p,F a n d  th e  electroporator se t a t 
low resistance .
Follow ing e le c tro p o ra tio n  tre a tm e n t, th e  sa m p le s  w ere e ith e r  
p o u red  directly  in to  p e tri d ish es together w ith  3  m l MEM u sed  to rin se  
th e  e lectroporation  cham ber; or th e  sam p le s  p lu s  th e  3 ml rin se  were 
p o u red  in to  V -tubes, cen trifuged , th e  s u p e rn a ta n t  a sp ira ted  a n d  after 
resu sp en sio n  in  4  m l MEM, poured  in to  pe tri d ishes. In the  la tte r  case, 
a n y  enzym e p re se n t in  th e  m edium  afte r e lectroporation  trea tm e n t w as 
rem oved w hereas in  th e  form er it w as not.
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O ne of two p ro ced u res  w as followed for th e  in c u b a tio n  in  a 
h u m id ified , CO2  in cu b a to r a t  37 an d  su b se q u e n t collection of the  
sam p les: (1) Cells were incubated  in  n o n -tis su e  c u ltu re  pe tri d ishes for 
v a rio u s  tim es, resu spended  by  p ipetting  and  th e  to ta l sam ple  volume w as 
th e n  in troduced  in to  ice-cold PBS for th e  n e u tra l e lu tion  step . Or (2) cells 
w ere  in c u b a te d  in  t is su e  c u ltu re  p e tri d ish e s  for v a rio u s  tim es and 
su b seq u en tly  rem oved by trypsinization. In th is  case  th e  m edium  and  the 
t ry p s in  w a sh e s  w ere d iscarded  a n d  therefo re  only th e  cells th a t  had  
rem a in e d  a tta c h e d  to the  d ish es w ere se lec ted  for th e  n e u tra l elution 
step .
In  th e  case  of the  a ra  A experim ents (described in  deta il in  C hapter 
4, sec tio n  4.2.1), a ra  A w as added to th e  flasks to  a  final concen tra tion  of 
4 0 0  pm ol/1 , ap p ro x im ate ly  1 h  before  try p s in iz a tio n  to  allow  for 
p h o sp h o ry la tio n , a fter w hich th e  cells w ere resu sp en d ed , electroporated 
an d  p la ted  in  MEM containing 400 pmol/1 a ra  A.
T he  t r e a tm e n ts  w ere s ta g g e re d  su c h  th a t  a ll sa m p le s  w ere 
co llec ted  a t  a  com m on tim e p o in t an d  after re su sp e n sio n  in  MEM the 
sam p les  w ere in troduced  in to  10 m l ice-cold PBS in th e  reservoirs of the 
filter e lu tion  ap p ara tu s .
5 .2 .4  Non-denaturing filter  elution a s s a y  (pH 9.6)
T he n e u tra l e lu tion  p ro ced u re  a s  described  in  section  2 .2 .2  w as 
perform ed a t  pH 9 .6  and  u n d e r th e  lysis and  eluting conditions stipu la ted  
in  sec tio n  2 .4 . The only difference w as th a t  the  PBS h a d  to be pum ped 
th ro u g h  to load th e  cells on  to th e  2  pm  polycarbonate filters, since the 
e le c tro p o ra te d  sam p les h a d  a  ten d en cy  to b lock  th e  filters w hen  ru n  
u n d e r  gravity, p resum ably  due to  rem aining  cell debris in  th e  m edium .
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5 .3  Results
P re lim inary  a tte m p ts  to  m e a su re  dsb  by  n o n -d e n a tu r in g  filter 
e lu tio n  in  CHO ce lls  t r e a te d  w ith  RE, in  w h ic h  th e  cells w ere 
p e rm e a b ilis e d  u s in g  in ac tiv a ted  S endai v irus, w ere of lim ited  success. 
S im ilar re su lts  u sing  in ac tiv a ted  S endai v irus a s  a  perm eab ilis ing  agent 
h a d  b een  reported  w ith  th e  DNA unw inding techn ique  (B ryant 1984). In 
c o n tra s t ,  e le c tro p o ra tio n  w a s  fo u n d  to be  a n  effective  m ea n s  of 
perm eabilising  CHO cells to  RE a n d  the  resu lting  d sb  could  be detected 
by  n e u tra l e lu tion  if en o u g h  tim e w as allowed to  e lap se  a fte r trea tm ent. 
T he re su lts  of one of th e  ea rlie s t experim ents perform ed a re  given in  Fig. 
5 .1 . E lectroporated CHO cells w ere trea ted  w ith 400 u n i ts /m l  unpurified 
P v u  11 (in 4 111 SB) or 4  ill SB alone and  the  re su ltin g  e lu tion  values, 
a ssu m ed  to reflect levels of d sb . were m easured  a t sh o r t  incubation  tim es 
(0 - 1  h).
0.5-1
0.4 - 
<5 0.3- W
400 units/ml
%
I
0.0
40 60 80200
control
(electroporated)
N SB 
— # — Pvu II
Incubation tim e (min)
Figure 5.1 The levels of dsb in electroporated CHO cells treated with 400 units/ml Pvu II in storage buffer (SB) or 4jj1 SB, as measured by neutral elution (pH 9.6) up to 1 h post­treatment.
C learly th e  num bers of d sb  in  th e  electroporated contro l cells an d  Pvu  11 
tre a te d  cells increased  over th e  in cu b a tio n  tim e, w ith  th e  P vu  II trea ted
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cells show ing a  la rg e r in c re ase . E lec tro p o ra ted  cells th a t  h a d  b een  
trea ted  w ith 4 pi sto rage buffer alone (as denoted by the  two SB po in ts  in  
Fig. 5.1), resu lted  in  a  sign ifican t level of dam age an d  therefore  i t  w as 
decided to u se  purified RE in  all su b seq u en t experim ents. The activity of 
P vu  11 w as found to be h ig h e r  a fte r pu rifica tion , a s  m on ito red  by  the  
com parative efficiency of equal concen tra tions of purified a n d  unpurified  
enzym e to linearise  a  specified am o u n t of p lasm id  pBR322 DNA (Bryant 
and  M oses, in  p reparation).
Fig. 5.2 show s th e  levels of d sb  in  e lectroporated  CHO cells after 
trea tm e n t w ith 200  u n i ts /m l  purified P vu  11 an d  a s  m easu red  u p  to 3 h  
p o st-trea tm en t.
200 units/ml
■g 0.5-
I “ ■0.3 -0
§ 0.2 -1 I
0.0
control
(electroporated)
Pvu II
50 100 150 200Incubation tim e (min)
Figure 5.2 The levels of dsb in electroporated CHO cells treated with 200 units/ml purified Pvu II, as measured by neutral elution (pH 9.6) up to 3 h post-treatment.
It is  evident th a t  th e  levels of d sb  a re  still in creasing  u p  to  3  h  a fte r 
tre a tm e n t in th e  Pvu  11 trea te d  sam ples, w ith  a  possible  levelling off in  
th e  e lec tro p o ra ted  c o n tro l sa m p le s . It w as decided  to  ex ten d  th e  
in cu b a tio n  tim es even fu r th e r  in a n  a tte m p t to find a  m ax im a in  the  
induction  curve. Fig. 5 .3  show s th e  re su lts  of e lectroporated CHO cells
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tre a te d  w ith  200  u n i ts /m l  pu rified  P vu  II an d  B a m  H I w ith  in cu b a tio n  
tim es of u p  to 6  h  p o st-trea tm en t.
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0.0
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Figure 5.3 The levels of dsb in electroporated CHO cells treated with 200 units/ml Pvu II and Bam HI (purified), as measured by neutral elution (pH 9.6) up to 6 h post-treatment.
Clearly the  levels of P vu  11 induced  d sb  were still increasing  a t  6  h  p o st­
tre a tm e n t, w hereas v a lu es for th e  B a m  H I an d  e lec tropo ra ted  contro l 
sam p les were decreasing  a t  6  h . The levels of dsb  in  the  B a m  H I trea ted  
cells  w ere ap p rox im ate ly  th e  sam e  a s  for th e  e lec tro p o ra ted  con tro l 
sam ples.
A dose-effect curve for e lectroporated  CHO cells trea ted  w ith P vu  11 
a n d  B a m  H I a s  m easu red  by  n e u tra l e lu tion  (pH 9.6) is show n in  Fig. 5.4. 
T he levels of d sb  w ere m e a su re d  a fte r 6  h  in cu b a tio n  a t  37 °C. The 
e lectroporation  trea tm e n t alone (shown a s  control data) is  rep resen ted  by 
th e  d ashed  line and  w as extended  beyond th e  zero-poin t on  th e  x-axis to 
d e n o te  th a t  th e  RE d a ta  p o in ts  a re  in  fac t su p e rim p o sed  on  th is  
background  level of dsb.
RESTRICTION ENDON U CLEA SES/ 1 0 8
0.8 n
I
< 0.6 -§
O 0.4-
g33 "
1 -
0.1 - 100 200 3000 400 500
control
(electroporated)
•  Pvu II 
Bam HI
U n its/m l o f KB
Figure 5.4 A dose-effect curve for electroporated CHO cells treated with Pvu II and Bom HI (purified) as measured by neutral elution (pH 9.6) after 6 h post-treatment incubation. The data represent the mean of 2 experiments and the vertical bars the standard error of mean values. The dashed line represents the electroporated controls.
The linear increase  in  the  n u m b ers  of d sb  (fraction of DNA eluted) w ith 
Pvu  II concen tra tion  confirm s th a t  electroporation  is allowing en try  of the 
RE in to  th e  cells. T he B a m  H I d a ta  rep re se n t th e  re su lts  of a  single 
experim ent an d  it  c an  be seen th a t  B a m  H I is  considerably  less effective 
in  inducing  m easu rab le  dsb  th a n  P vu  II. Only a t  a  concen tra tion  of 400 
u n i ts /m l  of B a m  H I w ere an y  dsb  observed  above the  e lectroporated  
control value.
In Fig. 5 .5  th e  e lu tion  profiles a t  pH 9 .6  ob tained  for X -irradiated  
CHO cells a n d  RE trea te d  e lectroporated  CHO cells trea te d  w ith  P vu  II 
a re  com pared.
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Figure 5.5 Comparison of the elution profiles of X-lrradlated OHO cells and electroporated OHO cells treated with 200 unlts/ml Pvu n obtained at pH 9.6.
Cells th a t  h a d  b een  trea ted  w ith  200 u n lts /m l P vu  II gave e lu tion  profiles 
th a t  co rresponded  to th e  profiles of cells th a t  h ad  received betw een 16 
an d  20 Gy of X-rays. The sh ap e  of these  elution profiles w ere very sim ilar 
w hich would suggest th a t  the  elu ted  DNA fragm ent size d istribu tions were 
independen t of th e  d sb  inducing  agen t Le. X -rays or RE.
From  Figs. 5 .1 -5 .4  i t  c a n  be seen  th a t  the  electroporation  trea tm en t 
alone (shown a s  control data) caused  a  significant am o u n t of dam age and 
th e re fo re  a  tre a tm e n t  p ro toco l w as so u g h t th a t  w ould  re d u c e  th is  
‘b ack g ro u n d ’ level of b rea k s . In Fig. 5 .6  various p ro toco ls concerning  
trea tm e n t w ith  P vu  11 a re  com pared  an d  th e  levels of d sb  w ere m easu red  
a s  a  function  of incu b a tio n  tim e after e lectroporation trea tm e n t for u p  to 
12 h. A Pvu  11 concen tra tion  of 200 u n lts /m l w as u sed  th roughou t. In Fig. 
5 .6  (a) the  e lectroporated  cells were in cuba ted  in n o n -tis su e  cu ltu re  petri 
d ish es and  th e  to ta l  cell popu la tion  w as harvested  (by pipetting) for the 
n e u tra l elu tion  assay . In Fig. 5 .6  (b) the  cells were in cu b a ted  in  t is s u e  
c u l tu re  p e tri d ish e s  an d  on ly  th o se  cells th a t  had  rem ained  a t ta c h e d
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du rin g  th e  en su in g  incubation  tim e w ere h a rv ested  for th e  n eu tra l elution 
a ssay  t e .  only th e  adhering cells were selected for the  dsb  assay.
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Figure 5.6 The levels of dsb as measured by neutral elution (pH 9.6) in electroporated CHO cells treated with 200 units/m l Pvu II, comparing various protocols concerning the treatment with Pvu II, subsequent plating and harvesting of the samples. Cells in (a) were incubated in non-tissue culture petri dishes and in (b) in tissue culture petri dishes.
It c an  be  seen  th a t  by  selecting only th e  a ttach ed  cells ((b) v e rsu s (a)) th a t  
th e  b a ck g ro u n d  level of d sb  due  to  th e  e lectroporation  tre a tm e n t w as 
d rastica lly  reduced . The elevated levels of dsb  in  the  control sam ples (in 
(a)) is  p robab ly  d u e  to a  p roportion  of th e  cells th a t  h a d  b een  lethally
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dam aged  by  th e  electric pu lse  a n d  in d eed  th e se  could  be seen  in  the  
m edium  above a ttached  cells in  th e  tis su e  cu ltu re  d ishes.
P vu  11 w hich  w as added to  th e  cell su sp e n s io n  im m ediately after 
e lectroporation  (denoted by th e  sm all c irc les a n d  th e  dashed  line in  Fig. 
5 .6) sh o w  th e  sam e  low level o f d s b  in d u c e d  w ith  tim e a s  the  
e lec tropo ra ted  con tro ls, w hich Im plies th a t  Pvu 11 is  n o t gain ing  en try  
in to  th e  cell after the  duration  of th e  pu lse .
The large closed circles, in  Figs. 5.6(a) and  5.6(b), denote the  cells 
th a t  h ad  been  poured  directly in to  th e  p e tri d ish es im m ediately following 
th e  e lec tro p o ra tio n  tre a tm e n t a n d  th a t  w ere th e re fo re  in c u b a te d  in 
m ed ium  th a t  still contained  P vu  11. The open circles denote the  sam ples 
th a t  w ere centrifuged, the  su p e rn a ta n t  rem oved an d  replaced w ith fresh 
m e d iu m  a n d  w h ich  w ere th e re fo re  in c u b a te d  in  th e  a b se n c e  of 
ex trace llu la r P vu  11. Clearly th e  p resence  of P vu  11 in the  m edium  during 
th e  in cu b a tio n  period (large closed c irc les a s  com pared  to the  large open 
circles) did n o t significantly increase  th e  n u m b er of d sb  generated , w hich 
in d ic a te s  th a t  th e  po res h a d  effectively resea led  a n d  h a d  p reven ted  
fu r th e r  up tak e  of the  RE. This is fu r th e r  evidence th a t  the  lifetime of the 
pores in  the  cell m em brane is extrem ely sho rt, an d  th is  is also supported  
by  th e  findings of Sow ers and  Lieber (1986) who estim ated  th e  lifetim e of 
th e  po res in electroporated  ery throcyte  g h o sts  to be in  the  range of 2 0 0  
m s.
It sho u ld  be no ted  th a t  th e  difference betw een  the  frequencies of 
d sb  induced  by P vu  11 (large circles) a n d  the  control value (dashed line), 
is  m ore or less th e  sam e in  (a) a n d  (b) i.e. th e  m easu red  n u m b er of dsb 
gen era ted  by  P vu  11 relative to th e  contro l values, w as no t affected by  the 
p la ting  procedure. T his im plies th a t  n e u tra l e lu tion  (pH 9.6) m easu re s  a  
b ack g ro u n d  level of d sb  due to  th e  e lectroporation  trea tm e n t only, upon  
w h ich  any  fu rth e r d sb  are  su perim posed . This background  level of dsb
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w as m inim ised by  incu b a tin g  th e  cells in  tis su e  c u ltu re  p e tri d ishes and 
by  selecting  only those  cells th a t  rem ained a ttach ed  d u rin g  the  ensuing  
in c u b a tio n  period  for th e  n e u tra l  e lu tion  a ssay . In  all su b seq u e n t 
e x p e r im e n ts  th e  t r e a tm e n t  p ro to co l w as th u s  a s  follow s: after
e lectroporation , the  sam ples w ere centrifuged, the  m ed ium  asp ira ted  and 
rep laced  w ith  fresh  m edium , followed by  incubation  in t is su e  cu ltu re  petri 
d ishes.
In a  final a ttem p t to  find a  m axim a in th e  level of d sb  induced  by 
P v u  II, in cu b a tio n  tim es of th e  a s sa y  were ex tended  u p  to 24  h  after 
electroporation  and  the  re su lts  a re  show n in  Fig 5.7.
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Figure 5.7 Hie induction of dsb In electroporated CHO cells treated with 200 units/ml Pvu II as measured by neutral elution (pH 9.6) up to 24 h post-treatment. These data represent the mean of 2 experiments and the vertical bars the standard error of mean values.
D esp ite  th e  larger e rro r v a lu e s  a t  longer incubation  tim es it is evident 
t h a t  th e  n u m b e rs  of d sb  w ere  s till  in c reas in g  over th e  24  h  p o s t­
tre a tm e n t incubation  period . T he g rap h  show s an  in itia l relatively rapid  
in crease  in  dsb  u p  to 1 2  h , followed by  a  more g radual increase  over 1 2 - 
18 h  an d  w hat appeared  to be  a  levelling off of the curve betw een 18 and  
2 4  h . The nu m b ers  of d sb  d u e  to  electroporation trea tm e n t only (control
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d a ta ), w here  only  th e  a tta c h e d  cells had  been  se lec ted  for the  neu tra l 
e lu tion  assay , were com paratively low and  rem ained  m ore or less constant 
over th e  24  h  tim e period.
T he p o ss ib ility  th a t  th e  in c re a s in g  e lu tio n  a t  th e  extended  
in c u b a tio n  tim es reflec ts  DNA degradation  r a th e r  th a n  incision  of the 
DNA b y  Pvu  II, w as tes ted  u sin g  two assays on cells a fte r incubation  tim es 
of 7, 12 an d  24  h . A try p an  b lue dye exclusion assay , w here non-viable 
(perm eable) cells show  u p  b lue, revealed less th a n  0 .5  % cell 'death ' in 
th e  p o p u la tio n  th a t  rem ain ed  a t ta c h e d  to th e  p e tri d ish e s  in  bo th  the 
e lec tro p o ra ted  con tro ls  an d  enzym e trea ted  sam ples. F u rtherm ore , the 
DNA of th e  e lec tropora ted  con tro ls an d  of th e  enzym e trea ted  sam ples 
w as found  to be  n o t so lub le  in  TCA (small fragm en ts , charac teristic  of 
DNA d e g ra d a tio n  w ould  be so lub le  in  5 % TCA), w h ich  w as fu rth er 
evidence a g a in s t th e  possib ility  of DNA degradation  (P. B ryant personal 
co m m un ica tion ).
An experim en t in  w hich  e lectroporated cells w ere trea ted  w ith 200 
u n i ts /m l  P vu  II an d  in cu b a ted  for u p  to 12 h, w as rep ea ted  5 tim es and 
th e  m ean  of th e  d a ta  is  show n  in  Fig. 5.8, to g e th er w ith  d a ta  (mean) 
o b ta in ed  from  2 e x p e rim en ts  in  w hich  e lec tropo ra ted  CHO cells were 
tre a te d  w ith  200  u n its /m l B a m  H I and  Eco R l.
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Figure 5.8 The levels of dsb in electroporated CHO cells treated with 200 units/ml Pvu II, Bam HI and Eco Rl measured by neutral elution (pH 9.6) as a function of incubation time after treatment. The data represent the mean of at least two experiments and the vertical bars the standard error of mean values.
It is  ev iden t th a t  for cells trea ted  w ith  P vu  II, a  g rad u a l Increase in the 
n u m b e r  of d sb  w as m e a su re d  over th e  3 -1 2  h  in c u b a tio n  period  in 
c o n tra s t  to  th e  cells trea ted  w ith  B a m  H I an d  Eco R l . Cells trea ted  w ith 
th e  la t te r  RE show ed essen tia lly  c o n s ta n t a n d  low levels of d sb  w hich 
w ere  n o t sign ifican tly  d ifferen t from  th a t  of th e  con tro l (electroporated) 
sam ples.
In  Fig. 5 .9  th e  levels of dsb  induced  by P vu  II in  the  presence  and 
a b se n c e  of 400  pm ol/1 a ra  A w ere m easu red  over a  3-12 h  in cu b a tio n  
period . The P vu  II d a ta  is  th e  sam e as  show n in  Fig. 5.8. The d a ta  from 
th e  sam p les  e lectroporated  in  th e  p resence  of P vu  II an d  400  pimol/l a ra  
A a n d  in cuba ted  in  th e  p resence  of 400 ^imol/1 a ra  A rep re se n t a  single 
exp erim en t b u t  are  su p p o rted  by th e  re su lts  of o ther sim ilar experim ents.
A
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Figure 5.9 The levels of dsb as measured by neutral elution (pH 9.6) in electroporated CHO cells treated with 200 unlts/ml Pvu n in the presence and absence of 400 pmol/1 ara A.
The presence of a ra  A» a  know n inhib itor of DNA syn thesis , did no t lead to 
a  m ore rap id  or h ig h er accu m u la tio n  of dsb  in  th e  P vu  II trea ted  cells. 
T he  p re se n c e  of 4 0 0  p m o l/l  a r a  A in  th e  c o n tro l sam p les  gave 
consisten tly  lower e lu tion  values th a n  those obtained  in  th e  absence of the 
d rug , b u t  a t th ese  low levels of DNA dam age it w as  h a rd  to ju d g e  the 
significance of th is  observation.
5.4 Discussion
The observed in c re ase  in  th e  fraction  of DNA e lu ted  in  cells th a t  
h a d  b een  perm eab lised  to  RE by electroporation , se rves a s  verification 
th a t  the  n o n -d en a tu rin g  filter e lu tion  a ssay  (pH 9.6) un d o u b ted ly  detects 
d sb  in  m am m alian  DNA. T he a ssa y  exhibited  a  lin e a r  increase  in  the  
fra c tio n  of DNA e lu ted , a n d  th u s  in  th e  level o f d sb  w ith  P v u  II 
concen tra tion  (shown in  Fig. 5.4) w hich suppo rts  th e  evidence of W inegar 
e t a l  (1989a) th a t  e lec tropo ra tion  is  a n  effective m ethod  of in troducing
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RE into  CHO cells. In  Fig. 5.5 it can  be seen  th a t  th e  elution profiles of 
th e  DNA from Pvu  II tre a te d  cells and  X -irrad iated  cells show  very sim ilar 
e lu tion  kinetics, w h ich  ind ica tes th a t  the  m echan ism  of n eu tra l elution is 
n o t dependen t on th e  ag en t inducing  th e  dsb . The n e u tra l elu tion  assay  
a t  pH 9 .6  did how ever de tec t a  significant a m o u n t of DNA dam age due to 
th e  e lec tro p o ra tio n  tre a tm e n t  alone, w h ich  w as n o t observed  in  the  
cytogenetic a ssay  u se d  b y  W inegar e t a t  (1989a). The level of m easurable 
d sb  due  to RE w as therefo re  superim posed  on  th is  ‘b ackg round ’ level of 
b reak s  (shown a s  contro l d a ta  throughout). In Fig. 5 .6  it is show n how the 
background  level of d sb  w as m inim ised by  selecting  only those  cells th a t 
h a d  rem ained a ttac h ed  to  th e  tissue  cu ltu re  d ishes d u ring  incubation  for 
th e  dsb assay.
A m axim um  in  th e  d sb  induction  curve by Pvu  II w as sough t beyond 
w h ich  it  m ight have  b een  possib le  to  m easu re  d sb  rep a ir  k inetics (for 
exam ple after P vu  II h a d  ceased  to incise DNA), b u t  a s  th e  post-trea tm en t 
in cu b a tio n  tim es w ere ex tended from 1 u p  to  12 h  th e n  fu rth er u p  to 24 
h , the  num bers of d sb  w ere found to con tinue increasing. Fig. 5.7 show s 
th is  increase  to be relatively  rap id  u p  to 1 2  h , followed by  w ha t appeared  
to  be  a  m ore g ra d u a l in c re ase  from 12-18 h  an d  th e  'induction ' curve 
appeared  to level off betw een 18 and  24 h.
No ev idence o f cell o r DNA d e g ra d a tio n  w as fo u n d  in  th e  
e lectroporated  a n d  RE tre a te d  sam ples of a tta c h e d  cells over th e  24  h  
incu b a tio n  period, a s  te s ted  by  the  ability of th ese  cells to exclude tiy p an  
b lu e  dye and  by  th e  so lub ility  of DNA of th e  cells in  5 % TCA. It w as 
therefore concluded th a t  th e  con tinued  increase  in  d sb  indicated  th a t  the  
RE w as actively in c is in g  DNA in  th e  cell for a t  le a s t  24  h  following 
electroporation. An in  vitro s tu d y  in  o u r laboratory  h a s  show n Pvu  II to 
b e  s ta b le  a t  37  oC for u p  to  24  h  in  HBSS (S. M oses p e rso n a l 
com m unication). It is  n ev erth e less  su rp ris in g  th a t  th e  enzym e rem ains
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active in  v ivo  for u p  to 24 h. In th is  re sp e c t th e  action  of RE differs 
significantly  from  th a t  of a  single acu te  dose of ionising  rad ia tion  w hich 
largely in d u ces  p ro m p t dam age, a lthough  d sb  m ay  be generated  la te r due 
to incision  of double b ase  dam aged sites  (A hnstrom  an d  B ryant 1982).
T he s h a p e  of th e  P v u  II in d u c tio n  cu rve  (Fig. 5.7) m igh t be 
e x p la in e d  if i t  is  a s su m e d  th a t  r e p a ir  o f th e  d sb  is  o c cu rrin g  
s im u ltan eo u sly  w ith  the  incision of DNA by  Pvu  II, an d  th a t  th e  P vu  II is 
cu tting  th e  DNA a t  a  h igher ra te  th a n  th a t  a t  w hich  repa ir can  take  place. 
In o th e r w ords, a  com petition could ex ist in  th e  cell betw een enzym atic 
incision of DNA by  Pvu II and  repair of th e  induced  dsb  w hich is tipped in 
favour of inc ision  a t  th e  enzyme co n cen tra tio n  of 200  u n its /m l. As the 
in c is io n  ra te  b y  P v u  II slow s dow n w ith  tim e a fte r  e lec tro p o ra tio n  
tre a tm e n t (p erh ap s due  to g rad u a l red u c tio n  in  activity  of th e  RE), the  
re p a ir  ra te  m ig h t ga in  on th e  in c is io n  ra te  a n d  hence  re s u lt  in  th e  
levelling off of th e  induction  curve.
The re s u lts  in  Fig. 5.9 show  th a t  th e  p resence  of 400 pm ol/l a ra  A 
(a know n in h ib ito r of DNA synthesis) d id  n o t affect th e  n u m b ers  of dsb  
induced  by  P vu  II, w hich in  view of th e  above hypothesis of sim u ltaneous 
inc ision  a n d  rep a ir , w ould im ply th a t  th e  rep a ir  of th ese  b lu n t-en d ed  
b re a k s  does n o t requ ire  DNA polym erisation . P erhaps the  b lu n t-en d ed  
term in i of P vu  II-induced dsb  require  only sim ple ligation to be rejoined.
The m o st in te re s tin g  re su lt from  th is  w ork w as the  com parison  of 
levels of d sb  in d u ced  by P vu  II and  B a m  H I (see Figs. 5.3, 5 .4  a n d  6 .8 ). 
A ssu m in g  th a t  B a m  H I is  gain ing  acc ess  in to  th e  cells a n d  therefo re  
cu ttin g  th e  DNA a s  readily  a s  P vu  II a fte r th e  e lectroporation trea tm en t, 
th e  lack  of de tec tion  of the  B a m  H I induced  b reak s m ight be  due  to  the  
cohesive-ended  n a tu re  of th e  term in i. To en su re  th a t  th is  d is tin c tio n  
betw een  th e  ac tio n  of RE w hich  in d u ce  e ith er b lu n t-  or cohesive-ended 
d sb  lay  in  th e  n a tu re  of th e  te rm in i of th e  b reaks, an o th e r RE w hich
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g en era te s  cohesive-ended dsb . nam ely  Eco  R l,  w as also  investigated . The 
outcom e, a s  seen  in  Fig. 5.8, w as clearly  the  sam e a s  w as found  for B a m  
H I  i.e. a n  inability  of Eco R l to  generate  m easurab le  dsb.
The finding th a t  B a m  H I an d  Eco R l  w ere less effective in  inducing  
m easu rab le  d sb  th a n  Pvu  II is in  con trad ic tion  w ith th e  earlie r re su lts  of 
B iy an t (1984). U sing the  DNA unw inding  assay , B ryan t (1984) found th a t 
eq u a l co n cen tra tio n s of P vu  II and  B a m  H I induced  s tra n d  b re a k s  w ith 
sim ilar frequencies. This d iscrepancy  could be due to th e  fac t th a t  B ryant 
(1984) h a d  m easu red  the  n u m b ers  of d sb  a t sh o rt in cu b a tio n  tim es after 
tre a tm e n t w ith  RE and  since th e  enzym es had  only lim ited tim e to a c t on 
th e  DNA the frequencies of b rea k s  w ould have been low.
O n th e  o th e r  h an d , th e  n e u tra l  e lu tion  re su lts  a re  in  ag reem en t 
w ith  cytogenetic s tu d ies  w h ich  have  show n RE th a t  g en era te  cohesive- 
en d ed  b re a k s  to  be fa r  le ss  effective in  giving r ise  to  ch rom osom al 
a b e rra tio n s  th a n  RE th a t  p ro d u ce  b lu n t-e n d ed  b re a k s  (B ryan t 1984; 
N a tara jan  and  Obe 1984; W inegar an d  P reston  1989a; B ryan t an d  C hristie 
1989). It m u s t be noted th a t  th e  chrom osom al aberration  a ssa y  is a  m ore 
sensitive  techn ique and  hence  th a t  low er concentra tions of e n z y m e /1 . 1 0 ® 
cells were generally  used .
Possible reasons for th e  lack  of detection  of the  B a m  H I an d  Eco  R l 
induced  b reak s  using  the  n e u tra l e lu tion  assay  (pH 9.6) a re  a s  follows:
1) The lower cu ttin g  frequency  of B a m  H I, of approxim ately  once every 
6 0 0 0  b ases , com pared  to  every 3 0 0 0  b a se s  by  Pvu  11, could  re s u lt  in  a  
low er n u m b er of d sb  p e r  u n i t  ac tiv ity  of B a m  H I. The E co  R l  d a ta  
how ever d ispels th is  idea a s  Eco R l h a s  a  sim ilar cu tting  frequency  to  Pvu  
11 viz. ab o u t once every 3000  b ases .
2) The four overlapping b ase-p a irs , for bo th  B am  H I an d  Eco  R l , prevent 
th e  full sep a ra tio n  of th e  DNA frag m en ts  and  therefore ‘m a sk ’ th e  dsb  
d u rin g  n e u tra l elution. T his is  th o u g h t to  be unlikely in  th e  view of the
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fa c t th a t  th e  DNA experiences c o n sid e rab le  s h e a r  fo rces d u rin g  its 
p a ssa g e  th ro u g h  th e  2  pm  po res o f th e  filte r w h ich  w ou ld  probably  
se p a ra te  th e  hydrogen-bonded 4 b ase  overlap (Hayward 1974)
3) T he cohesive b reaks are  rejoined j u s t  a s  rap id ly  a s  th ey  a re  induced by 
th e  RE. It is conceivable th a t  if th e  DNA s tra n d s  a re  he ld  together by the 
4 b a se  overlap, the  two b reak s could rapidly be repa ired  a s  individual ssb 
ra th e r  th a n  a  dsb . In th e  case of a n  equilibrium  betw een th e  incision rate 
an d  th e  rep a ir ra te , no d sb  would be observed. T his equ ilib rium  would be 
d e p e n d e n t on  th e  RE c o n ce n tra tio n , w h ich  m ig h t a lso  ex p la in  the  
a p p ea ran ce  of dsb  a t  a  B a m  H I concen tra tion  of 400  u n i ts /m l  (Fig. 5.4) 
w here  p resum ab ly  the  repa ir ra te  falls beh ind  th e  cu ttin g  ra te  a t  th is  very 
h igh  co n cen tra tio n . T his no tion  is fu rth e r  su p p o rted  by  th e  finding of 
W inegar e t al. (1989b), in  w hich  CHO cells tran sfec ted  w ith  th e  Eco  R l 
gene could  to le ra te  a  ce rta in  level of constitu tive  ex p ress io n  of the  gene 
{i.e. show ed no in c re ase  in  ch rom osom al a b e rra tio n s), b u t  add itional 
in s u l t  {e.g. do ses of ion ising  rad ia tion ) ap p a ren tly  o v e r-b u rd en ed  the  
rep a ir  system  and  enhanced  cytogenetic dam age w as observed.
In conclusion , the  hypo thesis  of a  com petition betw een  RE incision 
a n d  rep a ir  of th e  induced  b reak s w ould seem  th e  m ost likely explanation 
for th e  re su lts  obtained in  th a t  it  offers possible rea so n s  for b o th  the  Pvu  
11 a n d  the  B a m  H I /E co  R l da ta . T h is hypothesis can  be  te s te d  by either 
trea tin g  th e  DNA w ith  th e  RE in  th e  lysate  ra th e r  th a n  in  th e  cell, or by 
u s in g  a  m u ta n t  cell line  th a t  is  defective in  d sb  re p a ir . T he la tte r  
a lternative  w as a ttem pted  an d  th e  re su lts  are p resen ted  in  C hap te r 6 .
Finally , m y n e u tra l  e lu tio n  re s u lts  of e lec tropo ra ted  cells trea ted  
w ith  RE w ould  a lso  su g g e s t th a t  b lu n t-  a n d  cohesive-ended  dsb  are 
rep a ired  in  different w ays. The inab ility  of a  DNA sy n th esis  inhib itor, a ra  
A, to  affect the  repa ir of th e  d sb  genera ted  by  P vu  11 im plies th a t  these  
b lu n t-e n d e d  b rea k s  m igh t on ly  req u ire  sim ple liga tion  to  be  rejoined.
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Two possib le  m odels explain ing  th e  rejo in ing  of cohesive-ended  breaks 
have  been  suggested  (W inegar and  P reston  1988), nam ely  d irec t ligation 
of th e  ends o r excision of th e  cohesive overlaps followed by  b lu n t ligation. 
T he re su lts  p resen ted  here  su p p o rt th e  form er m odel for th e  very reason  
th a t  a  difference in  th e  level of P vu  II an d  B a m  H I in d u ced  b reak s  was 
observed. The re su lts  ob tained  in  th is  ch ap te r w ould  seem  to  im ply th a t 
cohesive-ended b rea k s  are  very rapid ly  repaired , a n d  a re  possib ly  seen  by 
th e  cell as  two separa te  ssb .
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6.1 Introduction
T he x rs  5 m u ta n t  cell line w as chosen  s in ce  i t  is  know n to be 
de fic ien t in  dsb  re p a ir  w hile  n o rm al in  its  ab ility  to  re jo in  ssb  as 
com pared  w ith  the  p a re n ta l CHO K1 cell line (Kemp e t a l  1984; Costa 
a n d  B ry a n t 1988). It w a s  th e  a im  of th is  se c tio n  of th e  s tu d y  to 
investiga te  how  th e  d sb  re p a ir  deficiency of the  x rs  5 cell line affected 
th e  detection  of R E-induced d sb  a s  m easu red  by  th e  n o n -d en a tu rin g  filter 
e lu tio n  a ssa y  (pH 9.6). T hese  experim ents were carried  o u t in  order to 
te s t  th e  hypo thesis , o u tlin e d  in  C h ap te r 5, of a  p o ssib le  com petition  
betw een  incision of the  DNA by  RE and  dsb  repair.
6 .1 .1  Radiosensitive cell lines
R adiosensitive  cell lin e s  have  b een  u se d  to  sh e d  lig h t on  the  
re la tio n sh ip  betw een DNA dam ag e  a n d  cell d e a th  a fte r  exposu re  to 
ion ising  radiation. Initial s tu d ie s  u sing  a  radiosensitive s tra in  of the  yeast 
Saccharom yces cerevisiae, th e  rad  52 stra in , indicated  th a t  th e  increased  
sensitiv ity  to ionising rad ia tio n  w as due  to a  deficiency in  dsb  repa ir (Ho 
1975; R esnick and  M artin  1976). T his w as followed by  sim ila r s tud ies  on 
m am m alia n  cell lines, u s in g  e ith e r in h eren tly  rad io sen sitiv e  cells e,g. 
from  ind iv iduals w ith a ta x ia  te lan g iec tas ia  (Lehm ann a n d  S tevens 1977; 
W eib ezah n  an d  C oquerelle  1981; Cox 1982; T h ie rry  e t al. 1985) or 
m u ta n ts  selected specifically for th e ir radiosensitivity, su c h  a s  the  x rs  and 
XR stxEuns of the  CHO cell line  (Jeggo and  Kemp 1983; S tam ato  e t a l  
1983), irs and  V -series of m u ta n ts  of th e  C hinese h a m s te r  V79 cell line 
(Jo n es e t a l  1987; Z dzien icka e t al. 1988; 1989) an d  th e  rad iosensitive  
m u rin e  leukaem ic lym phob last line L5178Y-S (Alexander 1961; Nagasawa 
e t  a l  1980; Beer et al. 1983). The rad iosensitiv ity  of n u m ero u s  m u ta n t 
s t r a in s ,  for exam ple of th e  x rs , L5178Y-S a n d  irs  lin es , h a s  been
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a ttr ib u te d  to a  deficiency in  d sb  rep a ir (Kemp e t a t  1984; W lodek and 
H itte lm a n  1988b; Z d z ien ick a  e t al. 1988; C o sta  a n d  B ry a n t 1988; 
W hitm ore e t al. 1989). AT (atax ia  telangiectasia) cells a re  how ever the 
excep tion  in  th a t  th ey  exh ib it a  sim ilar d sb  rep a ir  capab ility  to  th a t  of 
n o rm al h u m a n  cell lines (L ehm ann and  S tevens 1977; R ahm sdorf e t a l  
1981; T hierry  e t a l  1985; Zdzienicka e t a l  1989), an d  are th o u g h t to be 
rad iosensitive  a s  a  re su lt of low fidelity of repa ir of th e  dsb  [e.g. Cox e t al. 
1986). Radiosensitive m u ta n ts  are  clearly  usefu l in  investigating th e  role 
p layed by  d sb  in  chrom osom e dam age and  cell lethality .
6 .1 .2  X rs m utants o f  the CHO K1 cell line
In 1983 Jeggo an d  Kem p repo rted  th e  su c ce ss fu l iso la tion  of 6  
appreciab ly  X -ray-sensitive (xrs) m u ta n t s tra in s  after m utagenic trea tm en t 
of th e  CHO K1 cell line w ith  ethyl m eth an e  su lp h o n a te  (EMS). They 
p ro ce ed e d  to  show , u s in g  th e  n e u tra l  e lu tio n  te c h n iq u e , th a t  the  
increased  radiosensitivity  of th ese  m u ta n t lines w as due  to a deficiency in 
d sb  rejo in ing  (Kemp e t al. 1984). The x rs  m u ta n ts  were also show n to 
ex h ib it en h an ced  chrom osom al sensitiv ity  to X -rays (Kemp an d  Jeggo 
1986; B ry an t e t al. 1987; D arroud i an d  N atara jan  1987a; 1987b) and  to 
RE induced  dsb  (Bryant e t al. 1987), w hich corre la tes well w ith  th e  dsb 
re p a ir  deficiency.
G enetic analysis revealed th a t  all 6  m u ta n t cell lines are genetically 
recessive  a n d  lie in  single com plem enta tion  group  (Jeggo 1985). A veiy 
h ig h  reversion  frequency w as observed in  the  x rs  s tra in s  after trea tm en t 
w ith  azacy tid in e  (a pow erfu l in h ib ito r  of DNA m éthy la tion ), w h ich  
sug g ested  th a t  a  xrs+ gene w as s tru c tu ra lly  in ta c t b u t  m ethy lated  and  
therefo re  n o t norm ally  expressed  (Jeggo an d  H olliday 1986). Jeggo and 
H olliday (1986) th u s  proposed th a t  2 copies of th e  xrs+ gene exists in  the 
p a re n t CHO K1 line, b u t  th a t  due  to m éthylation  one copy is s ilen t and
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therefore th a t the  CHO K1 line is functionally hem izygous for th is  gene. A 
m u ta tio n  w ithin th e  copy of th e  xrs+ gene th a t is  norm ally  n o t m ethylated 
a n d  therefore exp ressed  in  th e  wild-type CHO K1 line, is th o u g h t to be 
th e  cau se  of the  re p a ir  defect in  th e  x rs m u ta n ts . Following azacytidine 
trea tm en t, w hich p rev en ts  m éthy la tion  of rep licated  DNA, th e  s ilen t and  
in ta c t  copy of th e  gene  c a n  su b seq u e n tly  be  e x p re ssed  (Jeggo an d  
H olliday 1986) and  h en ce  reversion  to the  rep a ir  proficiency of th e  wild- 
type CHO cells can  occur. T he fact th a t  all th e  x rs  m u ta n ts  lie w ithin  a  
single com plem entation  g roup  im plies th a t  all 6  x rs  lines have a  sim ilar 
m utation .
The x rs 5 m u ta n t cell line  u sed  in th is  s tu d y  h a s  been  show n to be 
exceptionally  rad io sen sitiv e  (Jeggo and  Kemp 1983; C osta  a n d  B ryan t 
1988) and  of all th e  x rs  s tra in s  it exhibits the  m o st extensive deficiency 
in  d sb  repa ir (Kemp e t a l  1984). The inability  of th e  x rs  5 m u ta n ts  to 
rejo in  X -ray induced  d sb  h a s  been  determ ined u sin g  th e  non -d en a tu rin g  
filter elution techn ique  (Kemp e t al. 1984; W hitm ore e t a l  1989) and  w as 
verified by  C osta a n d  B ry a n t (1988) u sin g  th e  DNA unw ind ing  m ethod. 
T he x rs 5 cells have also  b e en  found to show  a  6 -fold reduction  in  ability 
to  ca rry  o u t hom ologous recom bina tion  w hen com pared  to  the  p aren ta l 
CHO K1 cell line (Moore e t a t  1986), a lthough  th is  w as n o t found to be 
tru e  for all the x rs  s tra in s  (Ham ilton and  T hacker 1987).
6.2 Materials and methods
6.2 .1  Cell culture a n d  labeUing
A synchronous p o p u la tio n s  of exponentia lly  grow ing x rs  5 m u ta n t 
cells w ere ro u tin e ly  m a in ta in e d  in  E agle 's m in im al e sse n tia l m edium  
(MEM) supp lem en ted  w ith  10 % v /v  calf se ru m  (to w hich  100 jimol/1
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FeC la  h ad  been  added). E ssen tia lly  the  xrs 5 cells w ere c u ltu red  in  the 
sam e m an n e r a s  th e  CHO p a re n t  cell line, except th a t  th e  x rs  5 cells were 
seed ed  a t  double th e  n u m b e r  of CHO cells, viz. 2.10® cells (in 75 cm^ 
p las tic  tissu e  cu ltu re  flasks), since  the  doubling tim e of th e  x rs  5 line was 
found  to  be ab o u t twice th a t  o f th e  p a ren t CHO K1 line. The am o u n t of 
rad ioactive  label how ever w a s  n o t increased  a s  th e  x rs  5 cells show ed 
e n h a n c e d  u p tak e  of ®H-TdR (C osta 1987) and  h en ce  th e  cells (2.10®) 
w ere labelled w ith  3 .7  K B q/m l ®H-TdR (1.59 TB q/m m ol) for 48  h.
6 .2 .2  X-irradiation: dose -resp o n se  and repair experim ents
After trypsin ization  th e  x rs  5 cells were X -irrad iated  in  su spension  
in  MEM (5.10® - 1.10® in  3 ml) a t  a  dose-rate of 5 .8  G y/m in .
For th e  d o se -resp o n se  experim en ts the  sam p les w ere k ep t on ice 
for -0 .5  h  before irrad ia tio n , irrad ia ted  on ice an d  re tu rn e d  to  ice un til 
fu r th e r  processing. For th e  sh o r t  term  [i.e. 0-3 h) rep a ir experim ents the 
sam p les  were held a t  37 ^C in  a  w ater b a th  before irrad iation , irrad iated  
a t  37  o c  and  re tu rn ed  to th e  w a te r  b a th  for the  app rop ria te  repa ir tim es. 
T he irrad ia tions were s taggered  su c h  th a t  all sam ples w ere collected a t a  
com m on tim e po in t, a t  w h ich  tim e th e  cells w ere p o u red  in to  - 1 0  ml 
ice-cold PBS and  were k e p t on  ice for fu rther processing .
For the  long term  (i.e. u p  to  8  h) repair experim ents, the  cells were 
irrad ia ted  a t  37  °C, th e n  p la ted  o u t in to  n o n -tissu e  c u ltu re  pe tri d ishes 
a n d  p laced  in  a  hum idified  3 7  oC. 5 % COg in c u b a to r  for th e  required  
re p a ir  tim es. O nce again  th e  irrad ia tio n s w ere staggered  su c h  th a t  the 
sam p les were collected a t  a  com m on tim e poin t. At su c h  tim e the  cells 
w ere harvested  and  m ixed w ith  -1 0  ml ice-cold PBS for th e  filter elution 
s tep .
The above p rocedure  h a s  been  described in  m ore deta il in  section
3.2.
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6 .2 .3  Electroporation a n d  RE  treatm ent
The x rs  5 cells w ere e lec tro p o ra ted  a n d  tre a te d  w ith  pu rified  
res tric tio n  e n d o n u c lea ses  (RE) in exactly  th e  sam e m an n e r a s  th e  CHO 
cells, w hich is described  in  detail in  section  5 .2 .3 . Briefly, 1 m l of cells a t 
a  concen tra tion  of 1.10®/m l in  MEM an d  to w hich  the  enzyme (200 units) 
h a d  been  added , w ere electroporated a t  650  V /cm  and  1600 pF (Winegar 
e t a l  1989a). The sam ples w ere th en  centrifuged, th e  m edium  asp ira ted  
an d  th e  cells p la ted  o u t in  tis su e  c u ltu re  p e tri d ishes in  fresh  m edium . 
The sam ples w ere th e n  placed in  a  hum idified  37 °C, 5 % CO2 in cu b a to r 
for u p  to 12 h . The electroporation trea tm e n ts  were staggered su c h  th a t 
all th e  sam ples w ere collected a t a  com m on tim e point, a t  w hich  tim e the  
a tta ch ed  cells w ere harvested  (by trypsinization) and  m ixed w ith  -  1 0  ml 
ice-cold PBS for th e  n e u tra l elution step .
6 .2 .4  Non-denaturing filte r  elution a s s a y  (pH 9.6)
The n e u tra l  e lu tio n  p rocedure  a s  described  in  section  2 .2 .2  w as 
perform ed a t  pH  9 .6  an d  u n d e r the lysis and  e lu ting  conditions stipu la ted  
in  section 2.4.
6.3 Results
6.3.1 D ose-response and  repair results
The sp o n ta n eo u s  level of d sb  in  th e  con tro l (unirradiated) sam ples 
w as found to  be  consisten tly  h igher by  approxim ately  5 % for th e  x rs  5 
cefls th a n  for th e  CHO cells.
The in d u c tio n  of d sb  in  x rs  5 cells a s  a  function  of X -ray dose is 
show n in  Fig. 6 .1 , a n d  the  CHO K1 d a ta  from  Fig. 3 .4  have been  included
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(denoted by  th e  d ash ed  line) to serve a s  com parison . The back g ro u n d  
elu tion  values (unirrad iated  sam ples) have been  sub trac ted  in  b o th  cases.
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Figure 6.1 The dose-response for X-irradiated xrs 5 cells as measured by neutral elution (pH 9.6). The fraction of DNA eluted at 16 h was used and the points represent the mean of 3 experiments and the vertical bars the standard error of mean values. The CHO K1 data was taken from Fig. 3.4.
The x rs 5 m u ta n ts  show ed a  m arginally  h igher level dsb  induction  a t  each 
X -ray dose th a n  the  CHO cells, a ltliough  it shou ld  be no ted  th a t  th e  x rs  5 
d a ta  po in ts  m ostly  lie ju s t  beyond th e  e rro r b a rs  of th e  CHO d a ta  poin ts. 
T here is a  h in t of the  sh o u ld e r in  th e  low dose region of th e  x rs  5 dose- 
re sp o n se  curve, b u t  ad d itio n a l m e a su re m e n ts  w ould be n e c e ssa ry  to 
su b s ta n tia te  th is . As for the  CHO curve, the  x rs  5 dose-response te n d s  to 
p la te a u  o u t a t  h igh  doses a n d  th is  occu rred  a t  approxim ately  th e  sam e 
level of elu tion  b u t  a t a  slightly lower dose value th an  in  the  CHO K1 dose- 
response  curve (Fig. 6.1).
The rep a ir k inetics of th e  x rs  5 cell line  after a  dose of 3 0  Gy as 
m easu red  by  n eu tra l e lu tion  a t  pH 9 .6  is  show n in Fig. 6 .2 . In p ane l (a) 
th e  e lu tio n  v a lu e s  have b e e n  p lo tte d  a g a in s t in c u b a tio n  tim e  a fte r 
exposu re  an d  in  (b) th e  d a ta  from  (a) w as p lotted  a s  % b re a k s  rejoined
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(see section  3.2.2). The CHO K1 d a ta  from Fig. 3 .6  have been  included to 
serve a s  com parison  a n d  are denoted by the dashed  line.
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Figure 6.2 Kinetics of disappearance of DNA strand breaks in xrs 5 cells measured by neutral elution (pH 9.6) as a function of incubation time after X-ray exposure (30 Gy). The data points represent the mean of 5 experiments and the vertical bars Üie standard error of mean values. In (b) the data from (a) Is calculated as % breaks rejoined. CHO K1 data was taken from Fig. 3.6.
T he x rs  5 cells w ere found  to  be  slightly  le ss  p ro ficien t in  d sb  repair 
w ith in  th e  firs t h o u r  a fte r exposure  and  show  no evidence of rep a ir [te. 
no decrease  in  n u m b ers  of dsb) betw een 1 and  3 h o u rs  post-irrad iation , 
in  c o n tra s t to a  con tinu ing  decrease  in  the  elution d a ta  of the  CHO K 1 cell
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line over th e  3 h  in cu b a tio n  tim e. A t 3 h  post-exposure, -  60  % of the 
b rea k s  h a d  rejoined in  th e  x rs  5 cells a s  com pared w ith  ~ 90  % repa ir in 
th e  CHO K1 line. T he difference in  th e  rep a ir capabilities of th e  x rs  5 
an d  CHO cell lines observed here  w as however n o t nearly  a s  m arked  as 
h a d  been  reported  by  Kemp e t al. (1984), even though  th e  sam e dsb  assay  
w as used.
R epair experim ents u s in g  x rs  5 a n d  CHO K1 cells w ere perform ed 
in  w hich  th e  levels of d sb  w ere followed u p  to 8  h  a fte r a  dose of 75 Gy 
an d  the  re su lts  are show n in  Fig. 6 .3 .
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Figure 6.3 Kinetics of disappearance of DNA strand breaks measured in xrs 5 cells by neutral elution (pH 9.6) as a function of incubation time after X-ray exposure (75 Gy). The data points represent the mean of 2 experiments and the vertical bars tiie standard error of mean values.
S u rp r is in g ly  th e  r e p a i r  in  th e  tw o cell l in e s  w ere  v ir tu a lly  
ind is tingu ishab le , in  c o n tra s t to th e  tendency  show n in  th e  form er sho rt 
te rm  rep a ir  experim ent (Fig. 6.2). It w as th en  su spec ted  th a t  th e  x rs  5 
m u ta n ts  h a d  in  fact reverted  to th e  w ild-type level of rad ioresistance.
A b a tc h  of th e  original x rs  5 cell line, ob tained from  D r P.A. Jeggo, 
w as  defrosted  an d  c u ltu red . T he re p a ir  re su lts  ob ta ined  u s in g  these  
original' x rs  5 cells a fter a  X -ray dose of 50 Gy is show n in  Fig. 6.4. In (a)
''M:
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th e  e lu tio n  v a lu e s  have  b e e n  p lo tted  ag a in s t in c u b a tio n  tim e after 
ex p o su re  a n d  in  (b) th e  d a ta  from  (a) w as p lo tted  a s  % b re a k s  rejoined 
(see se c tio n  3 .2 .2). The CHO K i d a ta  from Fig. 3 .8  (denoted  by the 
d ash ed  line) have been  included  to serve as com parison.
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Figure 6.4 Kinetics of disappearance of DNA strand breaks measured in xrs 5 cells by neutral elution (pH 9.6) as a function of incubation time after X-ray exposure (50 Gy). The data points represent the mean of 2 experiments and the vertical bars tiie standard error of mean values. In (b) the data from (a) is calculated as % breaks rejoined. CHO Kl data was taken from Fig. 3.8.
C learly  th e re  is a  large difference in  th e  rep a ir capab ilities of th e  wild- 
type CHO line and  the  'original' x rs  5 m u tan ts . From Fig. 6 .4  (b) it can  be
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se en  th a t  20  % of b rea k s  h a d  rejoined after 8  h  in  th e  x rs  5 cell line, in 
c o n tra s t to ~ 90 % in  th e  CHO K l cell line. It shou ld  a lso  be noted  th a t 
th is  lim ited am o u n t of re p a ir  (20 %), w hich had  ta k e n  p lace in  the  x rs  5 
cells, h ad  occurred  w ith in  th e  f irs t 30  m in following exposu re  and  th a t 
beyond  th is  incuba tion  tim e no  fu rth e r decrease in  th e  levels of dsb  w as 
observed.
6 .3 .2  RE treatm ent resu lts
T he e le c tro p o ra t io n  a n d  RE tr e a tm e n t  e x p e r im e n ts  w ere  
perform ed using  the  'original' x rs  5 m u ta n t cell line. In itial experim ents 
in  w hich  the  levels of R E -induced  dsb  were m easu red  in  electroporated  
x rs  5 cells, over sh o rt in cu b a tio n  tim es showed en h an ced  levels of dsb. 
The re su lt of one su c h  experim ent is show n in Fig. 6.5.
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Figure 6.5 The levels of dsb in electroporated xrs 5 cells treated with 200 units/ml Pvu II or Bam HI measured by neutral elution (pH 9.6) as a function of incubation time (in non-tissue culture dishes) after treatment.
T he electroporation tre a tm e n t alone (shown a s  contro l d a ta ; d ashed  line 
in  Fig. 6.5) had  a  d e trim en ta l effect on a  certain  p roportion  of the  x rs 5 
cell population  a s  w as found  for th e  p a re n t CHO K l line (Fig. 5.6). This
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b ackg round  level of b re a k s  w as m inim ised by selecting  only the  a tta ch ed  
cells for th e  n e u tra l e lu tion  a ssay  (see Fig. 5 .6  a n d  section  5.4) and  the 
re s u lt  c an  be seen  in  Fig. 6 .6 . In these  experim ents, electroporated x rs 5 
cells w ere trea ted  w ith  200  u n its /m l Pvu  II and  B a m  H I , and  the  kinetics 
of b re a k s  w ere followed u p  to  1 2  h  p o s t- tre a tm e n t u s in g  the  n e u tra l 
e lu tion  a ssay  a t pH  9 .6 . In panel (b) the  CHO K l d a ta  from Fig. 5.8 have 
b een  included to serve a s  com parison.
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Figure 6.6 The levels of dsb in electroporated xrs 5 cells treated with 200 unlts/ml Pvu II or Bam  HI measured by neutral elution (pH 9.6) as a function of Incubation time (m tissue culture dishes) after treatment. The data points represent the mean of 2 experiments and the vertical bars the standard error of mean values. In (b) the xrs 5 data from (a) is compared with CHO Kl data taken from Fig. 5.8.
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The electroporated  con tro l sam ples of x rs 5 cells show ed a low and  more 
or le ss  c o n s ta n t level o f d sb  over th e  in cu b a tio n  tim e th a t  is a lm ost 
iden tica l to th e  CHO con tro l d a ta  (see Fig. 5.7). From  Fig. 6 . 6  (a), it is 
ev iden t th a t  P v u  II w as considerab ly  m ore effective th a n  B a m  H I in 
in d u c in g  m easu rab le  n u m b e rs  of d sb  in  th e  x rs  5 m u ta n ts  (-3 -4  tim es 
m ore effective). The B a m  H I trea ted  x rs  5 cells show ed levels of d sb  th a t 
w ere sign ifican tly  h ig h e r th a n  m easu red  in  th e  e lec tropo ra ted  contro l 
sam ples. In bo th  th e  Pvu  II and  B a m  H I trea ted  x rs 5 cells, th e  num bers 
of dsb  were still in creas ing  after 1 2  h  p o st-trea tm en t incubation , a lthough  
th e  B am  H I d a ta  show ed less of a n  increase  th a n  th a t  of Pvu  II.
From  Fig. 6 .6 (b) i t  c an  be seen  th a t  the  overall level of d sb  in  the 
cells trea ted  w ith  200  u n i ts /m l  Pvu II w ere considerably  h igher in th e  xrs 
5 m u ta n t cell line th a n  in  th e  wild-type p a re n t line. This is also tru e , b u t 
to  a  lesser extent, for th e  B a m  H I trea ted  x rs 5 and  CHO K l cells.
6.4 Discussion
The induction  of d sb  by  X-rays a s  m easu red  by  non -d enatu ring  filter 
e lu tion  (pH 9.6) w as found  to be m arginally  h igher in  th e  x rs  5 cell line 
th a n  in  th e  p a re n ta l  CHO K l line. O n th e  one h a n d , th is  re s u lt  is 
su p p o r te d  by  o th e r  a u th o r s  w ho h av e  rep o rted ly  observed  g re a te r  
in d u c tio n  of d sb  in  rad io sensitive  s t r a in s  {e,g. W lodek an d  H itte lm an  
1987; Kelland et a t  1988; Tofilon e t al. 1989), b u t  It con trad ic ts previous 
re su lts  obtained w ith  th e  x rs  5 m u ta n t (Costa an d  B ryan t 1988; lliakis e t 
at. 1988). C osta an d  B ryan t (1988) h a d  found no difference in  the  level of 
d sb  in d u ce d  b e tw een  th e  two cell lin e s  w ith  th e  DNA u n w in d in g  
techn ique , w hile lliak is  e t at. (1988) show ed a  sim ilar re su lt u s in g  the
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n e u tra l e lu tion  a ssa y  a t  pH 9.6 . Iliakis e t a l  (1988) h ad  in  fact u sed  the  
sam e techn ique  a s  w as em ployed in  th is  project, a lbe it u n d e r som ew hat 
different lysis a n d  e lu ting  conditions. It is  h a rd  to  envisage a  rea so n  for 
g rea ter induction  of d sb  in  the  x rs 5 cell line from a  purely  physical poin t 
of view (i.e. energy  d ep o sitio n s  in  th e  cell), s ince  one a s su m e s  the  
genom e size in  x rs  5 cells to  be n early  iden tica l to th a t  th e  w ild-type 
cells. C h ro m atin  s tru c tu re  is  a lso  know n to in fluence  th e  e x te n t of 
rad ia tion  dam age induced  (Chui e t a l  1987; W arters e t a t  1987; H eussen  
e t a l  1987), b u t  it is n o t c lear w hy th e  ch rom atin  s tru c tu re  should  differ 
be tw een  th e  x rs  5 a n d  CHO K1 cell lines. It is poss ib le  th a t  the  
su lp h y d iy l or g lu ta th io n e  c o n te n t of th e  two cell lines a re  d ifferent, in 
w h ich  case  th e  n u m b e r  o f d sb  re su ltin g  from  X -ray ex p o su re  and  
m easu red  by  n e u tra l e lu tion  w ould, accord ing  to Radford (1987b), no t 
necessarily  be the  sam e
The m arg inal difference in  th e  frequency of induced  dsb  m easu red  
in  the  x rs  5 an d  CHO K1 cells (shown in  Fig. 6.1) is n o t nearly  a s  m arked  
as  th e  difference betw een th e  respective rad iosensitiv ities of th e  two cell 
lin es . In  th is  re sp e c t there fo re , m y d a ta  do n o t su p p o rt R adford 's 
h ypo thesis  of a  co rre lation  betw een  th e  level of dsb  induction  a n d  cell 
killing (Radford 1985).
From  th e  re su lts  show n in  Figs. 6 .2  an d  6.3, w here th e  difference in 
th e  ex ten t of rep a ir in  the  two cell lines w as negligible or a t  lea s t m uch  
sm alle r th a n  w ould be expected from  th e  d a ta  of Kemp e t a l  (1984), I* 
w as a le rted  to  th e  fac t th a t  th e  x rs  5 m u ta n ts  h ad  possib ly  undergone  
reversion . R eversion of th e  x rs  5 cells, to  a  level of rad io re s is tan c e  
sim ilar to th a t  of the  w ild-type CHO K1 cell line, h ad  occurred previously 
in  o u r labo ra to ry  after 6-9  m o n th s  of co n tin u o u s cu ltu re  (Costa 1987). 
A lthough Jeggo an d  Kemp (1983) m a in ta in ed  th a t  th e  iso lated  m u ta n t 
lines were stab le  w ith  regard  to phenotype, i t  w as la te r reported  th a t  the
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x rs  6  s tra in  h a d  in  fac t reverted  to a  level of rad io resis tan ce  sim ilar to 
th a t  of th e  w ild-type cell line (D enekam p e t al. 1989). The reversion  of 
th e  x rs  5 m u ta n t cell line could possib ly  be due  to  loss of m éthylation of 
th e  s ilen t copy of th e  xrs+ gene, w hich  once expressed  would allow the 
cells to  rea tta in  th e  level of d sb  repa ir com petence of the  CHO cells.
A b a tc h  of th e  o rig inal x rs  5 cells k ind ly  ob ta ined  from  D r P.A. 
Jeggo w ere ta k e n  o u t of liqu id  N2  s to rage , defrosted  an d  cu ltu red . A 
rap id  m icro-nuclei a ssay , perform ed by  a  colleague (S. Moses), verified 
the  reversion of th e  'old’ x rs  5 m u ta n ts  an d  also found the  freshly thaw ed 
x rs  5 cells to be extrem ely radiosensitive.
In  th e  rep a ir  experim en ts perform ed w ith  the  'original' x rs  5 cell 
line (see Fig. 6.4), a  lim ited p roportion  of b re a k s  (20 %) were rejoined 
w ith in  th e  firs t 0 .5  h  following irrad ia tion , b u t  no fu rth e r  decrease w as 
m onito red  in  th e  su b se q u e n t 0 .5-8  h  in cu b a tio n  period. Two possible 
explanations can  be p u t forward for the  in itial ex ten t of repa ir observed in 
th e  x rs  5 m u tan ts ; viz. (a) th e  to ta l popu lation  of x rs 5 cells could have a  
lim ited capability  of d sb  rejoining, or (b) a  lim ited proportion  of x rs 5  cell 
popu lation  are fully capable  of dsb repair. The la tte r  notion is suggested 
by  th e  m odel of D enekam p e t a l  (1989), in w hich  tra n s ie n t expression of 
th e  xrs+ gene is th o u g h t to occur in x rs  cells w hen the  silen t copy of the 
gene is tem p o rarily  h em im ethy la ted  e.g. d u rin g  or sh o rtly  after DNA 
replication. T his m odel im plies th a t a  certa in  proportion  of x rs 5 cells in 
th e  S -phase  of the  cell cycle would be tem porarily  proficient in  dsb  repair 
and  therefore th a t  a t any  one time, a  fraction  of exponentially  growing xrs 
m u ta n ts  will be capable  of dsb  repair. A ccording to th is  hypothesis, the  
2 0  % of re p a ir  observed  m igh t possib ly  reflect th e  p roportion  of x rs  5  
cells th a t  a re  in  S -p h ase  and  w hich c an  therefo re  rejoin DNA dsb. This 
hypo thesis does n o t how ever explain w hy no  'slow' rep a ir (between 1 and  
8  h) w as de tected  in  th e  x rs  5 s tra in  (Fig. 6.4), since th e  theory  infers
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th a t  a  lim ited  p ro p o rtio n  of th e  cells a re  fu lly  capab le  of re p a ir  and  
therefore th a t  they  shou ld  exhibit bo th  com ponents of repair.
In view of th e  fac t th a t  th e  x rs  5 m u ta n ts  a re  p ro fic ien t in  ssb  
re jo in ing  (Kemp e t al. 1984; C osta  a n d  B ry an t 1988), th e  rep a ir  re su lts  
show n  in  Fig. 6 .4  th u s  provide evidence th a t  th e  n o n -d en a tu rin g  filter 
e lu tion  a ssa y  is n o t affected strongly by  the  presence of ssb ; i.e. if  th e  fast 
c o m p o n en t of rep a ir , a s  m e a su re d  b y  n e u tra l  e lu tion , reflec ted  ssb  
re jo in ing  it  w ou ld  be expected  th a t  th e  x rs  5 m u ta n ts  m ig h t exhib it 
extensive 'fast' repair, w hich can  be seen  n o t to be the case  from Fig. 6.4.
R esu lts  ob ta ined  by  T hacker an d  S tre tc h  (1985), a fte r irrad ia tin g  
th e  x rs  m u ta n t  lines w ith  e ith e r y-rays or a -p a rtic le s  su g g ests  th a t  the 
m u ta n ts  a re  defic ien t m ain ly  in  th e  re p a ir  of dam age from  sp a rse ly  
io n is in g  ra d ia tio n , w hich  m igh t su g g e s t th a t  the  x rs  5 m u ta n ts  are  
deficient in  a  specific pathw ay of dsb  repair. A lthough th e  m echan ism s of 
d sb  rep a ir a re  largely unknow n, Moore e t  al. (1986) h a s  found th is  m u ta n t 
lin e  to  show  a  m ark ed  re d u c tio n  in  reco m b in a tio n  frequency  w hen  
com pared  w ith  th e  p aren ta l CHO K1 cell line.
It is  c lear th a t  the  n u m b ers  of b re a k s  m easu red  in  e lectroporated  
x rs  5 cells trea te d  w ith  200  u n its /m l P vu  II a re  3-4 fold h igher th a n  in 
th e  CHO K1 cells (Fig. 6 .6 ). Also, 200  u n its /m l of B a m  H I gave rise  to a 
n u m b e r of d sb  w hich w as m easu rab le  above th e  control level in th e  x rs  5  
m u ta n ts , u n lik e  th e  B a m  H I re su lts  of th e  CHO K1 cells. B ryan t e t a l  
(1987) h ad  found  a  sim ilar tendency  in  a  cytogenetic investigation  of xrs 
5 m u ta n ts  tre a te d  w ith  RE. w here P v u  II c au sed  considerab ly  h ig h er 
frequencies of chrom osom al a b e rra tio n s  (CA) in  th e  x rs  5 cells th a n  in 
CHO cells a n d  un like  CHO cells, x rs  5 m u ta n ts  trea te d  w ith  B a m  H I 
exhibited h igher th a n  background  levels of CA.
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Two p ossib le  rea so n s c a n  be p u t  forward to exp la in  th e  enhanced  
levels of R E -induced dsb  m easu red  in  th e  x rs 5 m u ta n t cell line:
1) It could  be  d u e  to  an  increased  cu ttin g  frequency of th e  RE in  the  xrs 
5 m u ta n ts . T h is exp lanation  is how ever unlikely  if one co n sid ers  the 
evidence th a t  th e  x rs  5 m u ta n t cell line is the  re su lt of a  single m uta tion  
w ith in  th e  xrs+ rep a ir  gene (Jeggo 1985; Jeggo an d  H olliday 1986) and 
th a t  th e  genom e a n d  ch ro m a tin  s tru c tu re  is  o therw ise  th o u g h t to be 
iden tical to  th a t  of the  p a re n ta l CHO K1 line. T hus th e  n u m b e rs  of RE 
sites and  therefore  the  cu tting  frequency should  be essen tia lly  iden tical in 
th e  two cell lines.
2) A ssum ing  th e  m odel of a  com petition  betw een RE incision  a n d  repair 
of th e  re su ltin g  d sb  (as suggested  in  section  5.4), th e  d im in ish ed  dsb 
rep a ir capacity  of th e  x rs 5 m u ta n ts  would tip the  b a lan ce  m ore strongly 
in  favour of incision w hich would re su lt in  enhanced levels of dsb .
The re s u lts  ob tained  from  th e  e lectroporation a n d  RE experim ents 
perform ed w ith  th e  x rs  5 m u ta n t line w hich show  3-4  fold h ig h er levels 
of m easu rab le  d sb  th a n  in  th e  CHO cell line, th u s  strong ly  su p p o rts  the 
com petition  hypo thesis . A ccording to  th is  model, th e  r e s u lts  show n in 
Fig. 6 . 6  su g g est th a t  the  x rs  5 cell line is deficient in  th e  ligation  repair 
requ ired  for th e  rejoining of th e  b lu n t-en d ed  dsb  induced  by  P vu  II. The 
enhanced  level of B a m  H I-in d u ced  b reak s  observed in  th e  x rs  5 m u ta n ts  
w ould  su g g e s t th a t  a  p ro p o rtio n  of th e  cohesive-ended  d sb  m ay  be 
repaired  b y  a  sim ila r pa thw ay  to th a t  of b lun t-ended  d sb . It is  possible 
th a t  th e  s in g le -s tran d ed  ends of som e cohesive-ended d sb  a re  degraded 
an d  th e reb y  converted  to  b re a k s  w ith  b lu n t-en d s  in  th e  x rs  5 cell line 
(Sm ith-R aven a n d  Jeggo 1989), a lth o u g h  th is  did n o t a p p e a r  to occur in 
th e  w ild-type CHO K1 cell line (see Fig. 5.8).
:
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The aim  of th is  p ro je c t w as to a tte m p t to  t e s t  th e  proposed  
specificity of th e  n o n -d e n a tu r in g  filter elu tion  tech n iq u e  as an  a ssay  for 
d sb  in  m am m alian  cells. A fter in itial optim ization of th e  lysis and  eluting 
cond itions, de ta iled  d o se -re sp o n se  a n d  DNA re p a ir  ex p erim en ts  were 
carried  o u t a t pH  9 .6  a n d  7 .4  w ith  the  CHO K1 and  x rs  5 cell lines. The 
effect of the  DNA sy n th e s is  inh ib ito rs, a ra  A a n d  a ra  C, on pu tative  dsb 
re p a ir  m ea su re d  by  n e u tra l  e lu tio n  w as in v estig a ted  a n d  th e  lim ited 
in h ib itio n  of re p a ir  th a t  w as  m easu red  is d isc u sse d  in  view of earlier 
rep o rts  of com plete in h ib itio n  of dsb  repa ir by  th ese  d ru g s as m easured  
by  n eu tra l velocity sed im en ta tion .
By trea tin g  e lec tropo ra ted  cells w ith  RE, it  w as d em onstra ted  th a t 
th e  n o n -d en a tu rin g  filter e lu tio n  a ssay  undou b ted ly  d e tec ts  dsb . Time 
co u rse  s tu d ie s  on  RE tre a te d  cells revealed th a t  th e  enzym e rem ained 
active in  th e  cell for a  considerab le  length  of tim e. A su rp ris in g  outcom e 
w as th e  relative inab ility  of th e  n eu tra l e lu tion a ssa y  to  detect cohesive- 
ended  d sb  in d u ced  by  B a m  H I or Eco  R l, a s  com pared  to  significant 
levels of b lu n t-en d ed  d sb  in d u ced  by  P vu  II. A com petition betw een RE 
incision an d  dsb  rep a ir is offered a s  explanation, and  th is  is supported  by 
th e  e n h a n c e d  level o f b re a k s  m on ito red  in  th e  d sb  re p a ir  deficient 
m u ta n t cell line, x rs  5.
In th is  la s t  c h a p te r  I w ould  like to d isc u ss  th e se  re su lts  in  the  
con tex t of th e  c u rre n t  h y p o th eses  regard ing  th e  in te rp re ta tio n  of d a ta  
ob tained  w ith  th e  n o n -d en a tu rin g  filter elu tion assay , an d  to com pare the 
re s u l ts  w ith  th o se  o f th e  n e u tra l  velocity  se d im e n ta tio n  techn ique . 
Possible in te rp re ta tions of m y resu lts  a re  p u t forward an d  d iscussed .
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7.1 Non-linear dsb induction results
Using th e  n o n -d en a tu rin g  filter elution technique a s  a n  assay  for dsb 
in  c u ltu re d  m am m alia n  ce lls  follow ing X -ray  ex p o su re , I o b ta in ed  
sigm oidal dose -response  re la tio n sh ip s  for the  CHO, x rs  5 an d  EAT cell 
lines (Figs. 3.4, 4 .6  an d  6.1). A concave shou lder w as observed in  the  low 
dose region (0-5 Gy) while a t  h igh  doses (40-60 Gy) th e  induction  curves 
exh ib ited  a  ten d en cy  to p la te a u  out. This sh ap e  of the  dose-response  
curve w as found to be  independen t of th e  pH of th e  a ssay  (see Fig. 3.5).
The dose-response  re la tio n sh ip  of th e  n o n -d en a tu rin g  filter elu tion 
a s s a y  is th o u g h t to  re p re se n t  th e  in d u c tio n  of d sb , an d  u s in g  th is  
te c h n iq u e  B lazek e t  a l  (1989) d e m o n s tra te d  a  pa rab o lic  in c rease  in 
n u m b ers  of induced  dsb  w ith  y-ray exposure in  V79 h am ste r cells. In the 
ligh t of th is  re su lt they  suggested  th a t  d sb  induction  m ight be entirely  a  
tw o-h it event. The sigm oidal sh ap e  of the  dsb  induction  curves obtained 
d u r in g  th e  c o u rse  of th is  p ro jec t does n o t a p p e a r  to  su p p o r t th e  
h ypo thesis  of Blazek e t a l  (1989), since a  d istinctly  lin e a r increase  in  dsb 
w as observed in th e  dose range  betw een 8  and  30  Gy in  all th ree  cell lines 
(see Figs. 3.4, 4 .6  an d  6.1).
According to O kayasu  a n d  Iliakis (1989) th e  sh ou lder in  the dose- 
re s p o n se  curve o b ta in e d  w ith  th e  n e u tra l  e lu tio n  a ssa y  could  be 
e lim inated  by em ploying m ore rigorous lysis conditions [e.g. by increasing  
th e  lysis tem p era tu re  to  6 0  ^C). On th e  b a s is  of th ese  re su lts , th ey  
a ttr ib u te d  th e  sh o u ld e r to  incom plete  sep a ra tio n  of th e  DNA from  the  
c h ro m a tin  w hich  w ould  in fluence  th e  e lu tion  k in e tics  a t  low doses of 
rad ia tio n , t e .  m ultip le  h its  m igh t be requ ired  before th e  DNA pieces can  
be sep a ra ted  from  th e  re s id u a l m atrix  s tru c tu re . My re su lts  (Fig. 2.5) 
show  th a t  th e  u se  of th e  de te rg en t NLS in  con junction  w ith the  elevated 
lysis tem pera tu re  of 60  (as per O kayasu  an d  Iliakis 1989), did lead to  a
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m ark ed  increase  in  the  ex ten t of DNA elu ted  from  the  filter (see Fig. 2.5), 
w h ich  would im ply m ore effective se p a ra tio n  of th e  DNA m olecules from 
th e  associated  proteins. W arters e t  cd. (1987) and  Wlodek and  H ittelm an 
(1987) h a d  found  th a t  le ss  th a n  2% of c h ro m a tin  p ro te ins cou ld  be 
d e tec ted  on th e  filter a fte r  th e  ly sis  c o n d itio n s  of B radley a n d  K ohn 
(1979) an d  therefo re  one w ould  e x p ec t co n sid erab ly  less to  rem a in  
following the  stronger lysis tre a tm e n t of O kayasu  and  Iliakis (1989). It 
w ould  therefore  seem  un like ly  th a t  th e  sh o u ld e r, in  the  dose-response  
curves p resen ted  in th is thesis , is  fully accoun ted  for by possible residual 
ch rom atin  s tru c tu re .
In addition to the  sh o u ld e r observed a t low doses, a  tendency  of the 
dose-response curve to p la teau  o u t a t  h igher doses w as also observed [e.g. 
Fig 3.4). 10-15 % of DNA w ould n o t e lu te  from  th e  filter even a t  high
d o ses and  th is  proportion of non -e lu ting  DNA w as sim ilar a t bo th  pH  9.6 
a n d  7.4, an d  w as observed in  all th ree  cell lines t e .  CHO, EAT and  x rs  5 
(see Figs. 3.5, 4 .6  and  6.1). I su g g est th a t  th is  effect could be d u e  to 
ad so rp tion  of the  DNA on to  th e  filter. Since cells in  exponential grow th 
w ere used  in all of my experim ents, it  is  also possible th a t th is  percentage 
of th e  DNA could form  p a r t  of th e  com plex system  of forked s tru c tu re s  
a sso c ia ted  w ith  DNA rep lica tion  th a t  w ould be unaffected by  th e  lysis 
conditions, a s  m anifested  by th e  reduced  elu tion  of DNA of S -phase  cells 
(O kayasu et al. 1988).
R a d fo rd ’s in te r p r e ta t io n  of th e  s h o u ld e re d  d o s e - re s p o n s e  
re la tio n sh ip  w as th a t  it  m irro red  th e  sh o u ld e red  cell su rv ival cu rves 
(R adford 1985; 1986). T h is w ould  su g g e s t th a t  th e re  is  a  d irec t 
re la tionsh ip  betw een the  in itia l induced  level of dsb and  cell killing. My 
dose-resp o n se  d a ta  ob ta ined  w ith  th e  x rs  5 m u ta n t cell line (Fig. 6.1) 
w ould  refu te  th is  in te rp re ta tio n  on two coun ts: F irstly  the  dsb  induction  
c u rv e  of x rs  5 cells p o ss ib ly  show ed  a  sm a ll sh o u ld e r, u n lik e  the
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exponential surv ival curve for these  m u ta n t cells (Jeggo an d  Kemp 1983; 
C osta  and  B ryan t 1988). Secondly, a lthough  a  m arginal difference in  the  
frequency of in d u ced  d sb  w as observed betw een  th e  x rs  5 and  p aren ta l 
CHO K1 cell lines, th e  difference does n o t co rre la te  w ith  the  m arkedly  
different rad io sen sitiv itie s  of the  respective cell lines (Jeggo an d  Kemp 
1983; C osta a n d  B ry an t 1988). Radford (1987b) a ttr ib u ted  the  shou lder 
in  the  dsb  induction  curves to a  sa tu rab le  p rocess of sulphydiyl 'shielding' 
of the  DNA from  hydroxyl radicals, b u t  th is  hypo thesis is underm ined  by 
th e  fact th a t  th e  size of th e  shou lder can  be reduced  or, a s  O kayasu and  
Iliakis (1989) repo rted , elim inated by  sim ply a ltering  the  lysis trea tm en t.
The d a ta  for in d u c tio n  of dsb  a s  m easu red  by n o n -dena tu ring  filter 
elution, collected d u rin g  the  course  of th is  project, does th u s  no t su p p o rt 
a n y  of th e  above m en tio n ed  in te rp re ta tio n s  of th e  n o n -lin e a r  dose- 
response  re la tionsh ip . An alternative exp lanation  for the  shou lder a t  low 
doses is therefore offered w hich  is based  on DNA fragm ent sizes.
7.2 A hypothesis based on DNA fragment size
A shou ldered  dose-response following X -ray exposure of m am m alian  
cells h a d  a lso  b e e n  o bserved  by  B locher (1990) u s in g  th e  CHEF 
electrophoresis tech n iq u e  a n d  in  th e  rep o rt h e  p o stu la ted  th a t  th e  n o n ­
linear induction  of d sb  could be explained in  te rm s of DNA fragm ent sizes. 
His m odel is b a sed  on  th e  a ssum ption  th a t  th e  size of th e  u n trea ted  DNA 
s tra n d s  (based on  th e  average leng th  of a  chrom osom e of 246 Mbp) is 
considerably  la rger th a n  th e  th resho ld  size for m ovem ent o u t of the  well. 
C onsequently , it m ay  requ ire  m ore th a n  one dsb  to reduce  the  fragm ent 
leng ths to below th e  th resh o ld  size, an d  th is  w ould re su lt in  a  shou lder in 
th e  low dose region of th e  dose-response curve.
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D esp ite  th e  obvious differences in  th e  m ech an ism s of th e  CHEF 
electrophoresis a n d  th e  n eu tra l e lu tion  techn iques, there  are to m y m ind 
s im ila rities w h ich  w ould m ake B locher's idea  sim ilarly  applicable to the  
n e u tra l e lu tio n  a ssay . N either of th e  tech n iq u es can  resolve the  sizes of 
th e  v a rio u s  DNA frag m en ts  (unlike th e  n e u tra l  velocity sed im en ta tio n  
assay), b u t  a re  r a th e r  b a sed  on a  'sieving' effect of th e  DNA t e .  DNA 
fragm en ts below  a  c e rta in  th resho ld  size will move o u t of the  well or be 
elu ted  w hereas th o se  of a  size above th is  will be  reta ined  in  the  well or on 
the  filter, a n d  in  b o th  cases  the  resu lts  are  p resen ted  as  a  fraction of DNA 
'ex tracted ' o r e lu ted  relative to the a m o u n t rem ain ing  in  th e  well o r on 
th e  filter. B locher's  hypo thesis  cou ld  th u s  sim ilarly  be  applied  to  the  
n e u tra l e lu tion  a ssa y  on  th e  a ssu m p tio n  th a t  th e  chrom osom e leng th  of 
u n irrad ia ted  DNA (~5 cm), a s  a  free m olecule, is  considerably  longer th a n  
the  fragm ent size able to  elute th rough  th e  2  |im  pores in  the  filter. 5  cm 
is a n  estim ate  of th e  average chrom osom e length , b u t  th e  fragm ent sizes 
of u n irra d ia te d  DNA a re  likely to be  som e w h a t sm aller a s  a  re su lt  of 
sh earin g  of th e  DNA d u rin g  hand ling  o r In te rru p tio n s  th a t  occur in  the 
s tra n d s  a t  p o in ts  of rep lication . It is  suggested  th a t  m ultip le  d sb  {i.e. 
m ore th a n  one) a re  requ ired  w ith in  a  chrom osom e len g th  of DNA to 
effect e lu tion , th u s  giving rise  to th e  sh o u ld e red  dose-response  of the  
n e u tra l e lu tion  assay . Once the b u lk  of th e  DNA fragm ent sizes are below 
th is  th resh o ld , th e  probability  of e lu tion  w ould increase  w ith  a  decrease 
in  frag m en t len g th  a n d  therefore th e  sh o u ld e r  is  followed by  a  lin ear 
in c rease  in  th e  frac tion  of DNA e lu ted  w ith  dose. The DNA fragm ent 
le n g th s  in  q u e s tio n s  w ould  s till b e  c o n s id e ra b ly  la rg e r  th a n  th e  
m icrom eter d im ensions of th e  d iam eter of th e  pores in  th e  filter and  th u s  
th e  elu tion  k inetics w ould n o t be expected to a lter w ith  varying pore size 
a s  w as reported  by  K ohn (1986).
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C learly  th e  above rea so n in g  sh o u ld  a lso  app ly  to  d sb  in d u c tio n  
following exposure  to high LET irrad ia tion  or RE trea tm en t. T he neu tro n  
d a ta  of V an der S ch an s e t a l  (1983) is insufficient to verify th is , b u t  closer 
in spection  of th e  re su lts  of Prise e t a l  (1987), Prise e t a l  (1989a) an d  Fox 
a n d  M cNally (1988) w ould  seem  to  su g g es t th a t  sh o u ld e re d  dose- 
re sp o n se  cu rv es a re  also o b ta in ed  a fte r exposure  to n e u tro n s  a n d  a - 
pa rtic le s . O n th e  o th er h a n d  th e  lin ea r induction  of d sb  by  P vu  II in 
e lec tro p o ra ted  cells o r by  decay s o f inco rpo ra ted  (Radford and
H odgson 1985; Peak e t a l  1988a) w ould seem  to u n d erm in e  th is  theory. 
T he p o ss ib ility  th a t  a  sh o u ld e r  in  th e  P vu  II d sb  in d u c tio n  curve  is 
o bscu red  by  th e  background  level of b reak s  due to e lectroporation  canno t 
be excluded (see Fig. 5.4). In  the  case  of I25%_induced d sb  th e  only reason  
th a t  I can  offer for the  lack  of a  sh o u ld e r in the  dose-response  curves, is 
th e  fact th a t  only lim ited d a ta  is available for low n um bers of accum ulated  
b re a k s  (see P eak  e t a l  1988a). C loser inspection  of R adford 's (1987b) 
'n u c le a r  m onolayer' d sb  in d u c tio n  d a ta  also reveals th e  dose-response  
cu rv es to  be  n e a r- lin e a r  r a th e r  th a n  lin ea r i.e. ex h ib iting  a  reduced  
shou lder ra th e r  th a n  none a t  aU.
T he n e u tra l  velocity se d im en ta tio n  techn ique h a s  b een  show n  to 
reso lve th e  size of DNA frag m en ts , b u t  B locher (1982) rep o rte d  the  
req u irem en t of a  additional dose of 10 Gy of X-rays to th e  cells J u s t  prior 
to  lysis to  en ab le  th e  d e te rm in a tio n  of sm all n u m b ers  of d sb . This 
'resolving ' dose  could conceivably  obscu re  th e  possib le  d e tec tio n  of a 
sh o u ld e r in  th e  low dose region w ith  the  n eu tra l velocity sed im en ta tion  
assay.
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7.3 Dsb rftpnir Tcinetic results
T he d sb  re p a ir  k inetic  re su lts  ob ta ined  w ith  th e  n o n -d en a tu rin g  
filter e lu tion  techn ique  an d  p resen ted  in  th is  thesis , a re  d iscussed  below 
in  th e  lig h t o f c u r re n t  h y p o th eses  exp la in ing  th e  observed  b ip h asic  
k in e tics  of repa ir. The d sb  rep a ir k inetic  re su lts  of B lôcher an d  Pohlit 
(1982) a s  m easu red  by  n e u tra l velocity sed im enta tion  a re  bo rne  in  m ind 
th ro u g h o u t. The possible in te rp re ta tio n s of m y re su lts  of m onitoring the 
R E -induced  d sb  in  e lec tropo ra ted  cells a re  also d isc u sse d  in  term s of 
re p a ir  k inetics.
In  c o n tra s t  to  th e  a p p a re n t  f irs t-o rd e r  k in e tic s  of d sb  rep a ir 
following exposure  to  ionising rad ia tion  w ith a  half-tim e of som e 2-4 h  as 
m e a su re d  by  n e u tra l  velocity sed im en ta tio n  (Blôcher a n d  Pohlit 1982), 
th e  n e u tra l e lu tion  a ssa y  detects b iphasic  repa ir k inetics, w here 50 % of 
th e  b re a k s  h a d  d isappeared  w ith in  30-40  m in  of exposu re  (Bradley and 
K ohn 1979; Kemp e t a t  1984). Som e investigato rs suggested  th a t  the 
b ip h as ic  k in e tics  reflect two d is tin c t m echan ism s of repa ir, w hich  were 
for obvious rea so n s  referred to a s  th e  'fast' an d  'slow' rep a ir com ponents 
(W eibezahn an d  Coquerelle 1981; W oods 1981). E stim ates  from  m y data  
of th e  half-tim es of th ese  com ponen ts are  ~5 m in a n d  1-3 h  respectively 
(see Figs. 3.6-3.8).
In c o n tra s t to th e  full inh ib ition  of d sb  repair by  the  DNA synthesis 
inh ib ito rs  a ra  A and  a ra  C, a s  dem onstra ted  by  B ryant and  B locher (1982) 
an d  Iliakis and  B iy an t (1983) u sing  th e  n eu tra l velocity sed im entation  and 
DNA unw inding  techn iques, the  n e u tra l elu tion  assay  show ed only limited 
in h ib ition  of rep a ir  in  th e  p resence  of th ese  nucleoside analogues. The 
fac t th a t  80  % of rejoining h ad  tak e n  place in  the  p resence  of 400  jimol/1 
a ra  A or a ra  C (see Figs. 4 .7  and  4.8), ind icates th a t th e  repa ir m echanism  
of DNA dsb , a s  de tec ted  by  n e u tra l  e lu tion , does n o t have  a  abso lu te
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re q u ire m e n t fo r DNA po lym eriza tion . T hese  re s u lts  w ould  therefo re  
su g g e s t th a t  th e  n e u tra l  velocity  se d im e n ta tio n  a n d  n e u tra l  e lu tion  
te c h n iq u e s  a re  de tecting  two d isp a ra te  DNA dsb  re p a ir  p ro cesses , i.e. 
n e u tra l  e lu tion  de tec ts  a  type of ligation p rocess w hich  does n o t have a 
req u irem en t for DNA polym erization while n e u tra l velocity sed im enta tion  
d e te c ts  a  po lym erase  d e p e n d a n t re p a ir  pa th w ay  (B ryant a n d  B locher 
1982).
As m en tio n ed  prev iously , W eibezahn  a n d  C oquerelle (1981) and 
W oods (1981) p ro p o sed  th a t  th e  b ip h a s ic  k in e tic s  re p re se n te d  two 
d is tin c t m echan ism s of d sb  repa ir, nam ely  a  fas t ligation p rocess and  a  
slow er rep a ir m echanism , w hich possib ly  involves recom bination . On the 
one h a n d  therefore m y a ra  A an d  a ra  C d a ta  supports th e  above hypothesis 
of th e  ex istence  of m ore th a n  one d sb  rep a ir m echan ism , b u t  w ith  the 
difference th a t  the  two rep a ir p rocesses are inferred b y  th e  re su lts  of two 
different techn iques an d  n o t necessarily  by  the  two rep a ir  com ponen ts of 
th e  n e u tra l e lu tion  assay . W eibezahn an d  Coquerelle (1981) postu la ted  
t h a t  th e  fa s t  c o m p o n en t of re p a ir  (as a ssa y ed  b y  n e u tra l  e lu tion) 
re p re se n te d  a  sim ple  liga tion  p ro cess , w h ereas th e  slow  com ponen t 
re p a ir  re p re se n te d  a  m ore com plex rep a ir  m ech an ism  w hich  possib ly  
involved recom bina tion  betw een  th e  hom ologous ch rom osom al regions. 
R e su lts  of th e  n e u tra l e lu tio n  s tu d y  u s in g  DNA sy n th e s is  in h ib ito rs  
p re s e n te d  h e re  how ever in d ic a te  th a t  n e ith e r  th e  f a s t  o r slow  
com p o n en ts  of rep a ir  show ed sign ifican t inh ib ition  (Figs. 4 ,7  a n d  4.8), 
w h ich  w ould  su g g est th a t  even  th e  slow  rep a ir  co m p o n en t does n o t 
requ ire  DNA polym erization a n d  th u s  also reflects a  ligation process.
A lternatively, th e  fac t th a t  n e ith e r  of th e  two re p a ir  com ponen ts 
w ere p referen tia lly  in h ib ited  cou ld  be  in te rp re ted  to  su g g es t th a t  the  
b ip h asic  k inetics are  a rte fac tu a l a n d  som ehow  sim ply rep re se n t a  single 
re p a ir  m echan ism . The fa s t a n d  slow  com ponen ts could  for exam ple
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re s u lt  from  a  difference in  accessib ility  to d ifferent reg ions of the  DNA 
w ith in  th e  ch ro m atin  s tru c tu re , a s  suggested  by  R adford  (1987a), i.e. 
re p a ir  enzym es could  gain  a cc ess  to  th e  less c o n d en sed  eu ch ro m atin  
m o re  re a d ily  th a n  to  th e  m ore  c o m p ac t h e te ro c h ro m a tin . T his 
h y p o th e s is  how ever is  u n d e rm in e d  b y  th e  f irs t-o rd e r  re p a ir  k in e tics  
de tected  b y  n e u tra l velocity sed im enta tion , i.e. if th e  no tion  of differential 
accessib ility  were tru e  it sh o u ld  also  be reflected in  th e  n e u tra l velocity 
sed im en ta tion  s tu d y  of d sb  rep a ir  kinetics.
A h n stro m  (C om m ent on  R adford  1985) an d  H u tc h in so n  (1989) 
have p roposed  th a t  the  fas t com ponen t of repa ir rep re se n ts  ssb  rejoining 
since  th e  rep a ir  ra te  c o n s tan ts  of th e  two are sim ilar. T h is hypo thesis is 
b a sed  on th e  a ssum ption  th a t  th e  p resence of ssb  m igh t increase  th e  rate  
of e lu tion  of the  d o ub le-s tranded  DNA, by  increasing  th e  flexibility of the 
DNA or b y  m aking the  DNA fragm ents m ore suscep tib le  to  shearing . The 
ab ility  of x rs  5 cells to rejoin  ssb  h a s  been  show n to be  sim ilar to th a t  of 
th e  w ild-type CHO cells (Kemp e t a l  1984; C osta  an d  B ryan t 1988), and  
th e re fo re  th e  level of rep a ir  m ea su re d  in  th e  x rs  5 m u ta n ts  provides 
s tro n g  evidence th a t  n e u tra l  e lu tio n  is n o t affected  s tro n g ly  by  the 
p resence  of ssb . O therw ise it is  h a rd  to explain w hy th e  cell lines w hich 
do n o t differ in  ssb  rejo in ing  ability, exhibit m arked ly  d ifferent levels in 
th e  fa s t  rejo in ing  process (see Fig. 6.4). The no tion  th a t  th e  fas t repair 
c o m p o n e n t m ig h t reflect s s b  re jo in in g  is  a lso  c o u n te ra c te d  b y  the  
h y d ro g en  perox ide  re s u lts ,  w here  large  n u m b e rs  of ssb , th a t  were 
in d u ced  by  H2 O2 , did n o t lead  to m easu rab le  levels of e lu tion  of the  DNA 
u n d e r  n o n -d en a tu rin g  cond itions (Bradley and  K ohn 1979; P rise  e t a l  
1989b).
The above hypo thesis m igh t ad d re ss  the  q u estio n  of th e  b iphasic  
v e rsu s  th e  first-o rder d sb  rep a ir  k inetics, b u t  i t  does n o t clarify w hy the  
rep a ir  half-tim es a s  m onitored  by  th e  n eu tra l velocity sed im en ta tion  and
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n e u tr a l  e lu tio n  te c h n iq u e s  a re  so vastly  d iffe ren t (ti/% = 2-4 h  as 
com pared  to 30-40  m in  respectively). On the o th er h a n d , if th e  b iphasic 
re p a ir  k inetics a re  a ssu m e d  to  reflect two d is tin c t re p a ir  m echanism s, 
th e  half-tim e of th e  slow  com ponen t of 1-3 h  (see Figs. 3 .6-3.8) is no t 
u n like  th a t  of velocity sed im en ta tio n . This m igh t su g g es t th a t  th e  two 
tec h n iq u e s  are  de tec ting  a  com m on repair m echan ism , b u t  th e  re su lts  
o b ta in ed  w ith  th e  DNA sy n th e s is  in h ib ito rs  re fu te  th is  idea. This 
controversy is fu rth e r com plicated by the  recen t findings of Frankenberg- 
S chw ager e t a i  (1990) in  w h ich  b iphasic  rep a ir  w a s  d em o n s tra ted  in 
y e a s t after low doses of X -rays u sin g  the  n e u tra l velocity sed im enta tion  
techn ique. However, th e  valid ity  of extrapolating th is  re s u lt  to dsb repair 
in  m am m alian  cells is  q u estio n ab le , especially in  view of th e  fac t th a t 
B locher an d  Pohlit (1982) h a d  ob tained  firs t-o rd e r re p a ir  k ine tics for 
doses from 40 Gy dow n to  a s  low as  10 Gy, doses well w ith in  the range 
u se d  here  for the  n e u tra l e lu tion  assay.
A d irect m ea su re m e n t of th e  rejoining of th e  RE in d u ced  dsb  was 
n o t possible since th e  rep a ir w as obscured by w h a t is  p o stu la ted  to be the 
con tinu ing  incision of th e  DNA by the  enzymes over a  24  h  post-trea tm en t 
pe riod . D etails  of th e  re p a ir  p ro cesses  cou ld  how ever be  in ferred  
in d irec tly  by th e  co m p ara tiv e  s tu d y  of RE w h ich  g en e ra te  d sb  w ith  
d ifferent types of term in i.
T he following d e d u c tio n s  a re  based  on th e  a s su m p tio n  th a t  the 
o b serv ed  k in e tic s  o f RE in d u c e d  d sb  (see Fig. 5 .7) r e s u l t  from  a 
co m p etitio n  b e tw een  RE in c is io n  an d  dsb  re jo in ing , a n  id ea  w hich  
a p p e a rs  to be ju stified  b y  th e  enhanced  levels of b re a k s  detected  in  RE 
trea ted  x rs 5 cells a s  com pared  w ith  CHO cells (see Fig. 6.6). The five to 
tenfold difference in  th e  levels of m easurab le  dsb  induced  in  CHO cells by 
P v u  II and  B a m  H I /E c o  R l  respectively  (see Fig. 5.7), w ould  seem  to 
ind ica te  th a t  the  rep a ir  o f cohesive-ended dsb  (induced by  B a m  H I /  Eco
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R l) tak es  place a t a  h igher ra te  th an  b lu n t-en d ed  d sb  rejoining. It is no t 
un reasonab le  to a ssu m e  th a t  Pvu  II induced b rea k s  w ould require a  blunt- 
e n d  liga tion  m e c h a n ism  to  be rep a ired  (as in fe rred  from  th e  a ra  A 
ex p erim en ts  - see  Fig. 5 .9), while co h esiv e -en d ed  b re a k s  could be 
rejo ined  by  a  ’ssb -like ' liga tion  repa ir p ro cess . It is  p lausib le  th a t  the  
cohesive b reak s cou ld  be regarded  as two ssb  in  close proxim ity (should 
th e  two s tra n d s  of DNA n o t separate) and  could b e  acted  upon  as su ch  by  a  
DNA ligase. O n th e  o th e r  h a n d , the  d a ta  ob ta ined  w ith  B a m  H I treated  
x rs  5 cells suggests  th a t  th is  is  in fact a n  oversim plification of th e  repair 
m ech an ism  of cohesive-ended  breaks, since  th e  x rs  5 cells exhibited a  
sign ifican t increase  in  m easu rab le  B a m  H I b reak s , above those observed 
in  th e  CHO K1 cell line, even though th e  x rs  5 cell line is  fully proficient 
in  ssb  repair. The d a ta  ob tained  w ith these  RE nevertheless suggests th a t 
th e  cohesive b reak s  a re  rap id ly  repaired t e .  by  m ean s of a  process th a t is 
fa s te r  th a n  b lu n t-en d  ligation, perhaps w ith sim ila r k inetics to ssb  repair, 
b u t  w hich m ay also  have  som e requ irem en t for the  rep a ir m ach inery  of 
dsb . T hus the  investigation  of dsb induced  by  RE in  electroporated cells, 
a s  assayed  by n o n -d en a tu rin g  filter elution, h a s  suggested on the  basis  of 
th e ir  respective rep a ir  ra te s  th a t  cohesive- a n d  b lu n t-en d ed  dsb m ight be 
rejoined by different rep a ir  m echan ism s.
In th e  ligh t of all th e  re su lts  ob ta in ed  d u rin g  th e  course  of th is  
p ro jec t, it  is p roposed  th a t  th e  n o n -d en a tu rin g  filter e lu tion  techn ique 
d e te c ts  d sb  w hich  req u ire  sim ple re p a ir  p ro ce sses  e.g. ligation, while 
velocity sed im en ta tion  possib ly  detects d sb  w ith  d irty  ends w hich require 
exonuclease action  a n d  su b seq u e n t DNA polym erization to be  rejoined or 
possib ly  LMDS w hich  req u ire  recom bination  (Ward 1985). It is difficult 
to  envisage th e  re a so n  w hy th e  two tec h n iq u e s  shou ld  detect d ispara te  
types of dsb. O ther th a n  th e  differences in  th e  biophysical m echanism  of 
se p a ra tio n  of th e  DNA frag m en ts , th e  on ly  m ajo r difference in  the
DISCUSSION/ 1 5 0
experim en tal p ro toco ls followed, is th e  d u ra tio n  of th e  lysis trea tm en t; 
w hich  is 1 h  in  th e  case  of th e  n e u tra l e lu tion  a ssay  com pared w ith  the 
17-18 h  lysis tre a tm e n t of velocity sed im en ta tio n  (Blocher 1982). A 
h ighly specu la tive  g u e ss  w ould be th a t  th e  ex tended  lysis tre a tm e n t of 
velocity se d im e n ta tio n  could  allow re n a tu ra tio n  of 'c lean ' cohesive- or 
b lun t-ended  d sb  a n d  consequen tly  th ese  types of b reak s are n o t observed. 
It is also difficult to  explain w hy th e  n e u tra l e lu tion  a ssay  does n o t de tect 
th e  rep a ir  m ech an ism  (ara  A sensitive) w hich  is asso c ia ted  w ith  DNA 
polym eriza tion , u n le s s  a  fu r th e r  th ird  co m p o n en t of rep a ir  m ig h t be 
revealed in  s tu d ie s  over longer (>5 h) in cu b a tio n  tim es w ith  th e  filter 
e lu tion  techn ique.
7.4 Conclusions
The re su lts  ob ta ined  du ring  th e  cou rse  of th is  project ind icate  th a t  
th e  n o n -d en a tu rin g  filter e lu tion  tech n iq u e  u n q u estio n ab ly  de tec ts  DNA 
dsb , b u t  th a t  th e  m eth o d  possib ly  d e te c ts  one or m ore dsb  lesion(s) 
different from th a t  assayed  b y  n eu tra l velocity sedim entation.
The s ig m o id a l d o se -re sp o n se  c u rv e s  o b ta in ed , c o n s id e re d  in  
conjunction  w ith  th e  only m arg inal difference in  the  induction  of DNA dsb 
in  th e  CHO K1 a n d  x rs  5 cell lines, w ould seem  to indicate  th a t  th e  n o n ­
linear induction  curves a re  probably  a n  a rte fac t of the  a ssay  ra th e r  th a n  a 
reflection of a  specific underly ing  m echan ism  of dsb  induction.
The series of experim en ts in  w hich  DNA syn thesis  inh ib ito rs (ara  A 
and  a ra  C) an d  P vu  II w ere u sed , p o in t to sim ple ligation a s  th e  m o st 
likely m echan ism  of d sb  rep a ir  th a t  is de tected  by  th e  n e u tra l e lu tion  
assay . On th e  b a s is  of th ese  resu lts  an d  o ther d a ta  obtained w ith  B a m  H I 
an d  Eco  R l,  th e  following in te rp re ta tio n s  of th e  b iphasic  repa ir k inetics
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of th e  n o n -d e n a tu rin g  filter e lu tion  a ssa y  following X -ray exposu re  are 
suggested:
(1) T he two rep a ir  com ponen ts could  reflect th e  rep a ir m ech an ism s of 
different types of dsb  induced  by  sparse ly  ionising radiation. For example, 
in  th e  event of the  possib le induction  of cohesive-ended an d  b lu n t-ended  
d sb  by  X -rays, the  in itial repa ir com ponent (ti/2~ 5  min) of n e u tra l elution 
cou ld  reflect th e  fa s t rep a ir  of cohesive-ended  dsb , w h ereas th e  slow 
re p a ir  com ponen t of n e u tra l e lu tion  ( t i / 2  = 1-3 h) could  re p re se n t the 
ligation of b lu n t-ended  dsb.
(2) An a lterna tive  exp lanation  could be  th a t  th e  b iphasic  rep a ir k inetics 
are  a n  a rte fac t of the  n eu tra l e lution techn ique and  th a t  the  d a ta  reflects a  
sing le  re p a ir  m ech an ism  w ith  a  t i / 2  of 3 0 -40  m in. The fac t th a t  the 
CHEF electrophoresis also detects b ip h asic  rep a ir k inetics w ith  a  sim ilar 
t i / 2  va lue  im plies th a t  i t  could b e  a n  experim en tal a rte fac t w hich  is 
com m on to b o th  these  techn iques, a lth o u g h  th e  n a tu re  of th is  a rte fac t is 
n o t clear.
As m e n tio n ed  p rev iously , th e  n e u tr a l  velocity  se d im e n ta tio n  
te c h n iq u e  m ig h t n o t d e te c t th e  f a s te r  c o m p o n e n ts ' of re p a ir  if 
r e n a tu ra t io n  of th e se  c lean ' (cohesive a n d  b lu n t-en d ed ) d sb  could  
possib ly  take  place du ring  the  ex tended lysis trea tm en t em ployed. It is 
w orth  m ention ing  th a t  the  t i / 2  of th e  slow com ponent of non -d en a tu rin g  
filter elu tion  and  th a t  of n e u tra l velocity sed im entation  are n o t d issim ilar, 
a lth o u g h  m y d a ta  (obtained w ith  DNA syn thesis  inhibitors) w ould suggest 
th a t  th e  m echan ism s of rep a ir  th a t  a re  m easu red  by  th e  two techn iques 
a re  d isp a ra te . T he h y p o th es is  th a t  th e  b ip h as ic  re p a ir  is  d u e  to 
d ifferential accessib ility  of th e  rep a ir  enzym es to  the  DNA, as  explained 
above, is  refu ted  by  th e  first-o rder k inetics obtained w ith  n e u tra l velocity 
sed im en ta tion .
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Finally  it can  be  sa id  th a t  th is  s tu d y  h a s  provided stro n g  evidence 
th a t  ionising rad ia tio n  induces two, possibly m ore, d is tin c t types of dsb in 
m am m alian  DNA, a lthough  the  n a tu re  of these  dsb  and  th e  m echan ism s of 
th e ir  rep a ir  h a s  ye t to  be a sce rta in ed . T his th e s is  h a s  b y  no  m eans 
answ ered  all th e  q uestions required  to  settle  th e  controversy  su rround ing  
th e  n o n -d e n a tu rin g  filter e lu tion  techn ique, b u t  i t  h a s  e luc ida ted  som e 
aspec ts  of th e  a ssa y  an d  h a s  pointed the  way for fu rther investigations.
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Summary
The D N A  unwinding technique has been used to measure the induction and repair of D NA strand 
breaks by X-rays in the X-ray-sensitive (xrs 5) mutant and its parent CHO K1 line of Chinese hamster 
cells. Results show that frequency of induction of D NA strand breaks was the same for both cell lines. The 
repair of single-strand breaks was found to be slightly slower in xrs 5 over the first 20 min after X-ray 
exposure, but the level of repair of ssb reached after an incubation of Ih following X-ray exposure in xrs 5 
was the same as in CHO K l. Our results also show that the rate of repair of D N A  double-strand breaks in 
xrs 5 cells was clearly slower than that in CHO K l, supporting the conclusion of Kemp et al. (1984) who 
used the neutral elution technique, that xrs 5 is defective in the repair pathway of D NA double-strand 
breaks.
1. Introduction
The D N A  double-strand break (dsb) is thought 
to be a major lesion involved in radiation-induced 
cell death and other biological end points, e.g. 
induction of chromosomal aberrations. Failure of 
cells to repair dsb results in extreme sensitivity to 
ionising radiation. For example, when irradiated, 
the yeast line rad 52 is killed by 1 -2  dsb per cell 
(Ho, 1975; Resnick and Martin, 1976). It has been 
suggested that irradiated mammalian cells may be 
killed by one or more residual dsb (Blocher and
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Pohlit, 1982), however, other evidence points to 
the induction of chromosomal aberrations as an 
intermediate step between the initially induced 
dsb and cell death (Joshi et al., 1982; Bryant, 
1984,1985).
As exemplified in yeast, the study of the rela­
tionship between D N A  damage and cell death in 
irradiated cells has been facilitated by the use of 
genetic mutant lines. In mammalian cells, this 
type of study has been made possible by the 
isolation and characterization of mutant X-ray- 
sensitive (xrs) Unes of Chinese hamster cells (Jeggo 
and Kemp, 1983; Jeggo and Holliday, 1986). The 
xrs lines 5, 6 and 7 have in addition been shown to 
exhibit an enhanced chromosomal sensitivity to 
X-rays (Kemp and Jeggo, 1986; Darroudi and 
Natarajan, 1987) and to restriction endonuclease
0167-8817/88/$03.50 © 1988 Elsevier Science Publishers B.V. (Biomedical Division)
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induced dsb (Bryant et al., 1987). The radiosensi­
tivity of these lines was attributed to a putative 
defect in dsb repair (Kemp et al., 1984); Single­
strand break (ssb) repair was shown to be normal 
in these lines. Kemp et al. (1984) used the alkaline 
sucrose sedimentation and alkaline elution tech­
niques to investigate ssb repair, and the results of 
the two independent assays agreed even though 
widely different doses were used (200 Gy and 5.7 
G y respectively).
To assay for dsb repair Kemp et al. (1984) used 
the neutral elution technique of Bradley and Kohn 
(1979). Neutral elution is a widely used method 
for the detection of DN A  dsb (e.g. Weibezahn and 
Coquerelle, 1981; Radford, 1985; Sigdestad et al., 
1987; Evans et al., 1987) but the results obtained 
with the method have been controversial as was 
evident at the recent International Congress of 
Radiation Research, Edinburgh (1987).
The reasons for this are several. Firstly the 
results obtained with the neutral elution method 
are not in agreement with the results of the more 
established neutral velocity sucrose sedimentation 
technique. For exam ple, W eibezahn and 
Coquerelle (1981) obtained a half-time for the 
repair of dsb of 37 min as compared with the 
value of 2 -4  h as determined by the sedimentation 
method (Bryant and Blocher, 1980; Blocher and 
Pohlit, 1982). With the sedimentation method, ex­
ponential (first-order) dsb repair kinetics were ob­
tained whereas the neutral elution technique 
showed biphasic kinetics of dsb repair (e.g. Kemp 
et al., 1984). The kinetics of induction of dsb in 
cells using neutral sedimentation were found to be 
linear (Frankenberg-Schwager et al., 1979; Blocher, 
1982) whereas those obtained with neutral elution 
were shown to be curvilinear (e.g. Radford, 1985). 
It should also be kept in mind that neutral elution 
is normally performed at pH 9.6 (Bradley and 
Kohn, 1979), and that it has recently been sug­
gested that this may reveal other D N A  lesions 
(Tilby et al., 1984). Sigdestad et al. (1987) ob­
served a near linear induction of dsb and ex­
ponential dsb repair kinetics when the neutral 
elution was performed at pH 7.2.
The physical basis of the neutral filter elution 
method is not yet fully understood, and due to 
this uncertainty surrounding the method, it was 
decided to investigate the kinetics of repair in the
xrs-5 mutant strain using an alternative method, 
namely DNA unwinding (Ahnstrom and Erixon, 
1973). Bryant and Blocher (1980) described how 
this method could be used to measure both ssb 
and dsb repair kinetics. The unwinding method 
does not distinguish between ssb or dsb except on 
a kinetic basis. When assaying for dsb, the irradia­
ted cells are allowed to repair for 2 h by which 
time the repair of ssb was found to be complete. 
The kinetic results at incubation times in excess of 
2 h obtained with this technique were in good 
agreement with results for the kinetics of DNA  
repair obtained with the neutral sucrose gradient 
sedimentation method (Bryant and Blocher, 1980; 
Blocher et a l, 1983).
This paper describes experiments in which the 
induction of strand breaks and the repair of ssb 
and dsb were measured in X-irradiated xrs 5 and 
CHO K l cells. Our results show that ssb repair in 
xrs 5 is similar to that found in normal cells but 
indicate a deficiency in the repair of dsb in xrs 5. 
Our results therefore support in principle those of 
Kemp et al. (1984), although the kinetics of dsb 
repair measured using D N A  unwinding were quite 
different from those obtained with neutral elution.
2. Materials and methods
CeU culture
The X-ray-sensitive xrs 5 cell line of Jeggo 
(Jeggo and Kemp, 1983) and its wild-type parent 
line CHO K l were used. Experiments were per­
formed with asynchronous populations of ex­
ponentially growing cells, which were routinely 
maintained in Eagle’s minimum essential medium 
(MEM) supplemented with foetal calf serum (15% 
v /v )  and non-essential amino acids.
X-ray exposure
Cells were exposed to X-rays (250 kV with 0.5 
mm Cu filtration) at a dose rate of 0.85 G y/m in  
(survival assays) or 5.4 G y/m in  (DNA-unwinding 
experiments). Dosimetry was checked using a 
modified Fricke method (Frankenberg, 1969).
Survival assays
Survival assays were carried out on both xrs 5 
and CHO K l in order to verify the reported 
difference in X-ray sensitivity of the two cell lines. 
Cells were exposed to X-rays as monolayers in
1
I
J
medium (in air) were appropriately diluted and 
plated in 5-cm dishes with 5 ml MEM and grown 
for 6 -7  days at 37 ®C in 5% COj.
DNA unwinding assay
Cells were labelled with 0.1-0.5 jtxCi/ml of 
tritiated thymidine (^HTdR) in the presence of 5 
/imoles “cold” thymidine for 24 h. Cells were 
chased in non-radioactive medium for 4 -5  h prior 
to the experiments. This was found to reduce 
background unwinding in experiments.
The cells were trypsinized and irradiated as a 
suspension of 2 -3  ml in air. In order to obtain 
dose-effect curves, samples were taken im­
mediately after irradiation (at 0®C) and pipetted 
into ice-cold saline solution (0.15 moles/1 NaCl) 
to prevent repair of D N A  taking place. For the 
“ short-term” repair (0 -1  h) experiments, cell sam­
ples in medium at 37 ° C were irradiated to a dose 
of 8 Gy, transferred to a waterbath at 37 °C  for 
various incubation times (4 -60  min), and then 
pipetted into ice-cold saline solution. The proce­
dure of Bryant et al. (1984) of irradiating at vari­
ous times and collecting samples on ice at a com­
mon time point was used. In the case of the 
“ long-term” repair ( > 2  h) experiments, cells in 
suspension were irradiated to a dose of 50 Gy and 
then returned to petri dishes and incubated at 
37 ®C and 5% CO^ for the various times (i.e. 2 -8  
h). At the appropriate time cells were harvested by 
trypsinization and added to ice-cold saline solu­
tion.
Once in ice-cold saline solution, cells (2 • 10  ^
cells per sample) were centrifuged to a pellet and 
the supernatant removed by suction. After vortex- 
ing, 1 ml of cold lysing solution (0.03 moles/1 
NaOH and 1 m oles/1 NaCl, pH 12) was forcefully 
added to each sample using a micropipette. Sam­
ples were then left undisturbed and under condi­
tions of low-light for 1 h.
Subsequently, samples were neutralised by ad­
ding 2.2 ml of 0.02 m oles/1 NaH^PO^ and im­
mediately sonicated for 6 -1 0  sec. After addition 
of 0.3 ml of 25% sodium dodecyl sulphate, sam­
ples were vortexed and then deep frozen ( — 20 ° C) 
overnight.
Measurement o f damage to DNA
The procedure described by Ahnstrom and 
Erixon (1973) was followed. Briefly, samples were
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applied to small affinity columns, containing 0.15 
g of hydroxyapatite (Biorad, 50:50  mixture of 
Bio-Gel HTP and DNA grade Bio-Gel HTP) in 
plastic syringe bodies, held in a heated aluminium 
block at 60 ®C. Before sample application the 
hydroxypatite was washed in 2.5 ml of 0.0125 
moles/1 sodium phosphate buffer (SPB) pH 6.8. 
After sample application colunms were again 
washed with 0.0125 moles/1 SPB. Single-stranded 
D N A  was then eluted with 4.5 ml of 0.125 m oles/1 
SPB and double-stranded DNA was eluted with 
4.5 ml of 0.250 moles/1 SPB. Samples were then 
mixed with 0.3 ml 5 moles/1 HCl and 5 ml 
scintillation cocktail (Packard, Instagel) and ra­
dioactivity determined by liquid scintillation 
counting.
The relative mass fraction of D N A  in 
double-stranded form, +  «^ss) was ob­
tained from the ratio A^y{A^^ 4- A^d> where A^  ^
is the activity (dpm ) measured in the 
double-stranded fraction and the activity mea­
sured in the single-stranded fraction. D ose-effect 
curves were obtained by plotting the relative mass 
fraction m^y(m^^ +  ^ss) versus radiation dose. 
In the repair experiments, the relative mass frac­
tion values were converted to “dose” values by 
reading dose values off from the dose-effect 
curves. These dose values expressed in Gy, are 
indicative of remaining damage following X-ray 
exposure and were plotted versus incubation time.
3. Results
The survival curves for the two lines are pre­
sented in Fig. 1, The reported difference in radio­
sensitivity and survival curve shape between the 
CHO-Kl and xrs-5 lines (Jeggo and Kemp, 1983) 
was confirmed. The CHO K l line showed a 
shoulder or threshold region while the xrs 5 line 
showed exponential killing. values were: xrs 5 
(1.5 Gy) and CHO K l (5.7 Gy). These are close to 
those previously reported by Jeggo and Kemp
(1983).
The dose-effect curves obtained with the D N A  
unwinding method are shown in Fig. 2. The re­
sults show that there was no significant difference 
between the two cell lines in this assay. This data 
indicates that the same numbers of D N A  strand 
breaks were induced per Gy in xrs 5 as in CHO 
K l.
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Fig. 1. Survival curves for X-irradiated CHO K l and xrs 5 
cells. Vertical bars represent standard errors of mean values.
Results of short-term repair experiments are 
given in Figs. 3a and b. The CHO-Kl data is 
displayed in 3a and the xrs-5 data in 3b. In 3b the 
dotted line represents the kinetics of CHO K l 
from 3a, The data points each represent the mean 
of 4 individual experiments. Both sets of data (3a 
and b) show an initial rapid component of repair 
followed by a levelling off of the curve at between 
40 and 60 min after irradiation, indicating that ssb 
repair was complete. The initial rate of repair 
found in xrs 5 appeared to be somewhat slower 
than that in CHO K l but at later times the
g  «  0.5 . 
+
0.3- -a- CHO Kl 
xrs 5-S 0.2E
0.1
60 2 4 8 1 21 0
Dose (Gy)
Fig. 2. Dose-effect curves for induction of DNA strand breaks 
in X-irradiated xrs 5 and CHO K l measured by the DNA  
unwinding method. The frequency of strand breaks is inversely 
related to the logarithm of the function: +  m^.
Vertical bars represent standard errors of mean values.
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Fig. 3. Kinetics of disappearance of remaining damage (inter­
preted as repair of single-strand breaks in DNA) as a function 
of incubation time after X-ray exposure (8 Gy). Panel (a) CHO 
K l cells, panel (b) xrs 5 cells. Vertical bars represent standard 
errors of mean values.
kinetics were similar so that the levels of ssb repair 
reached after 1 h were the same in the two differ­
ent hnes.
The results of a typical long-term repair experi­
ment are presented in Fig. 4, The results show a 
clear difference in the kinetics of damage remain­
ing as a function of time in the xrs-5 from that 
remaining in the CHO K l line. The remaining 
damage in CHO K l disappeared with an overall 
half-time of about 2 h whereas the kinetics for xrs 
5 indicated that the damage decreased by only a 
small fraction over the 5 h incubation time. We 
have obtained the same result, namely a clear 
difference in the two lines with respect to dsb 
repair in two other independent experiments, al-
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Fig, 4. Kinetics of disappearance of remaining damage (inter­
preted as repair of DNA double-strand breaks) as a function 
of time after X-ray exposure (50 Gy) in xrs 5 and CHO Kl 
cells. Vertical bars represent standard errors of mean values.
though the absolute levels of damage remaining 
varied from one experimental run to another. For 
this reason we have not pooled results from this 
series of experiments.
4. Discussion
Kemp et al. (1984) who used alkaline velocity 
sedimentation and alkaUne elution, reported that 
in xrs lines 5 and 7 the induction of D N A  strand 
breaks and the repair of ssb was the same as in the 
parent CHO K l line. The results of our experi­
ments using D N A  unwinding show that induction 
of D N A  strand breaks (comprising both ssb and 
dsb) is similar in the two lines: xrs 5 and CHO K l 
(Fig. 2). Ssb repair (Figs. 3a and 3b) in xrs 5 was 
slower initially than in CHO K l, but over a period 
of 1 h the repair in xrs 5 reached the same level as 
in CHO K l. These results are in essential in 
agreement with those of Kemp et al. (1984) using 
alkaline elution. This agreement between the two 
methods was expected, since Blakely et al. (1983) 
had previously shown that the alkali unwinding 
and elution techniques gave comparable relative 
estimates of radiation induced strand break yields. 
Using the neutral elution method Kemp et al.
(1984) obtained data which suggested that xrs 
lines were deficient in dsb repair. However the 
levels of residual dsb (indicated by relative elution 
values) in each mutant line were not related to the
degree of radiosensitivity displayed in survival as­
says by the same lines.
The neutral elution method has been the sub­
ject of considerable controversy recently; the 
kinetics of dsb induction are usually found to be 
curvilinear (e.g. Radford, 1985), whereas with the 
conventional neutral velocity sedimentation tech­
nique, linear kinetics of induction of dsb with dose 
were observed (Lehmann and Stevens, 1977; 
Blocher, 1982; Frankenberg-Schwager et al., 1979). 
In addition, the results of experiments with neu­
tral elution have yielded kinetics of repair of dsb 
(e.g. Weibezahn and Coquerelle, 1981) which are 
quite different from those obtained with neutral 
velocity sedimentation (e.g. Blôcher and Pohlit, 
1982; Frankenberg-Schwager et al., 1980). Since 
there is as yet no sound physical basis for the 
elution of DNA molecules which are likely to be 
complexed with proteins of several types (e.g. his- 
tones, non-histone proteins and proteins of the 
nuclear lamina), the kinetics of induction and 
repair of dsb measured by this method must be 
subject to considerable uncertainty.
In spite of this uncertainty, the reported defect 
in dsb repair in xrs mutants (measured by the 
neutral elution method) does seem to be con­
firmed by indirect evidence from cytogenetic ex­
periments. Bryant et al. (1987) were able to show 
that the mutant xrs 5 produces much higher levels 
of chromosomal aberrations in response to treat­
ment with both blunt-ended and cohesive-ended 
dsb induced by the restriction endonucleases Pvu 
II, Eco RV Bam HI and Eco R l.
In response to the uncertainty surrounding the 
measurements made with neutral elution we de­
cided to check the kinetics of repair of DNA  
double-strand breaks in xrs 5 and compare them 
with those for the parent CHO K l line using the 
DN A  unwinding method.
The results of these kinetic experiments are 
shown in Fig. 4. They indicate that the xrs 5 line is 
deficient in the repair of double-strand breaks in 
D N A  and therefore support the conclusion of 
Kemp et al. (1984). However the kinetics of repair 
of dsb in the wild-type parent (CHO K l) found in 
these DNA unwinding experiments were quite dif­
ferent from those found by Kemp et al. (1984) 
using the neutral elution method. Although we 
have not drawn a single straight line through the
98
points the kinetics shown in Fig. 4 for CHO K l 
are not inconsistent with first-order kinetics with a 
half-time of approximately 2 h. This result is 
similar to values of found for repair of dsb in 
mouse ascites cells measured by neutral velocity 
sedimentation and D N A  unwinding (Bryant and 
Blocher, 1980) whereas those of Kemp et al. (1984) 
indicate a /j/ 2  of approximately 20 min, repair 
being complete in 2 h.
Another important difference between our re­
sults and those of Kemp et al. (1984) is that after 
2 h incubation following X-ray exposure our data 
indicates similar levels of damage in xrs 5 and 
CHO K l (Fig. 4) which corresponds to a level of 
between 3 and 4 Gy of remaining damage whereas 
that of Kemp et al. indicates a large difference in 
the percentage of breaks remaining unrejoined 
after 2 h; after a dose of 90 Gy of y-rays the 
parent CHO K l line had repaired approximately 
70% of breaks and the xrs 5 line only 10% of 
breaks at 2 h following exposure. This serves to 
emphasize the difference in kinetics obtained with 
the two methods. In the case of neutral elution, 
repair of dsb is complete by 2 h following radi­
ation exposure in both cell lines, whereas with the 
D N A  unwinding method a slow decrease in 
damage, interpreted as repair of dsb, occurs over 
the period between 2 and 7 h. The repair observed 
with the unwinding technique after 2 h following 
irradiation was shown to reflect the repair of dsb 
as measured by the velocity sedimentation method 
(Bryant and Blôcher, 1980). The reasons for the 
difference in kinetics of repair of dsb measured by 
these methods and that of neutral elution are not 
yet understood.
Due to uncertainties in determining exact val­
ues for long-term repair experiments, we
have deliberately not tried to quantify the dif­
ference in repair kinetics of dsb between xrs 5 and 
CHO K l but clearly our results lend strong sup­
port to the conclusion of Kemp et al. (1984) that 
xrs 5 is defective in the repair pathway for D N A  
dsb.
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Neutral filter elution detects only limited inhibition of double­
strand break repair by 9-P-D-arabinofuranosyladenine
Nina D. C osta a n d  Peter E. B ryant 
Department of Biology and Preciinicai Medicine 
University of S t  Andrews 
S t Andrews KY19 9TS 
Scotland, U.K.
Sum m aiy
Bradley and Kohn (1979) showed that the neutral filter elution technique detects DNA 
double-strand breaks (dsb). yet there Is still some uncertainty regarding the interpretation 
of results obtained with this technique (viz. the curvilinear dose-response curve and the 
rapid repair kinetics). In this report we have investigated the effect of the nucleoside 
analogue 9-p-D-arabinofuranosyladenine (ara A), a known inhibitor of dsb repair, on the 
DNA repair In X-irradiated Ehrlich ascites tumour cells as measured by this technique. We 
have compared the effect of ara A on repair In these cells with results previously obtained 
with the same cell line and using the neutral velocity sedimentation and DNA unwinding 
techniques (Blôcher, 1982; Bryant and Blôcher, 1982). Our results suggest that the lesions 
measured by the neutral elution technique are different from those measured by neutral 
velocity sedimentation or long-term repair measured by DNA unwinding.
Introduction
The neutral filter elution technique (Bradley and Kohn, 1979) Is widely used to 
measure the induction and repair of DNA double-strand breaks (dsb) In irradiated cells (eg. 
Welbezahn and Coquerelle, 1981; Radford, 1985), however the validity of the method for 
measuring dsb Is the subject of debate (Radford, 1988). Essentially this debate centres 
around two observations which differ from those made with neutral velocity 
sedimentation (eg. Blôcher, 1982; Blôcher and Pohlit, 1982), namely the shape of the dose- 
response curve for induction of dsb and the kinetics of repair of dsb. Using the filter elution 
technique, the shape of the dose-response curve is usually curvilinear (Radford, 1985; 
Iliakis and Okayasu, 1988) whereas that measured by velocity sedimentation Is linear 
(Blôcher, 1982). Several authors have noted that the neutral elution technique detects 
biphasic dsb repair kinetics In mammalian cells (Woods, 1981; Welbezahn and Coquerelle, 
1981 and Sigdestad et al., 1987) whereas neutral velocity sedimentation studies found a 
single slow component (Lehmann and Stevens, 1977; Blôcher and Pohlit, 1982).
That neutral filter elution can measure dsb in DNA Is demonstrated by the Increase 
In relative elution when DNA, released on filters, is treated with restriction endonucleases
2.
(Bradley and Kohn, 1979). However the situation pertaining to X-lrradlated cells may be 
different for a number of reasons. For example X-rays Induce a large number of single­
strand breaks (ssb) compared to the number of dsb (about 30:1) and It Is possible that the ssb 
(by shearing) may lead to additional dsb during the elution of the DNA through a filter pore 
(2 pm diameter). Thus, although filter elution may be detecting dsb, this detection may be 
strongly influenced by the presence (and repair) of ssb (see comment by Ahnstrôm on 
Radford, 1985),
Wlebezahn and Coquerelle (1981) Interpreted the biphasic repair kinetics of neutral 
elution as discrimination between two types of double-strand break rejoining, namely a 
fast process involving DNA ligation and a slower component which requires a more 
complex process, possibly recombination.
In an attempt to resolve the differences In data generated by the two methods we 
have used an experimental strategy In which we examined the concentration dependence of 
the Inhibition by the nucleoside analogue 9-p -D-arablnofuranosyladenlne (ara A) of 
putative dsb repair measured by the filter elution technique. It has been shown previously 
using neutral sucrose sedimentation and the unwinding techniques (Biyant and Blôcher, 
1982) that ara A strongly inhibits dsb repair and to a lesser extent also ssb repair. In the 
work reported here we have measured the concentration dependence of inhibition of repair 
as monitored by both filter elution and DNA unwinding. We have then compared our 
results with those found previously for Inhibition of dsb repair measured by velocity 
sedimentation (Bryant and Blôcher, 1982).
M aterials and m ethods
Cell culture , radioactive labelling and X-irradiation. Ehrlich ascites tumour 
(EAT) cells were grown In suspension as previously described (Iliakis and Pohlit, 1979). 
Cells were passaged dally to ensure that the cells remained In exponential growth. Cells at 
2 .10^/ml In 40 ml were Incubated In 75 cm^ plastic flasks (SterUln) for 24 h hi the presence 
of ^ HTdR (methyl-^H thymidine, 1.59 TBq/mmol). 74-148 kBq per flask (in 40 ml) was used 
for the neutral elution technique and 37-74 kBq for the DNA unwinding technique. Equi- 
molar amounts (1-2 pmol/l) of cold thymidine were added to facilitate uniform uptake of 
the radioactive thymidine. Cells were X-lrradlated (250 kVp , filtered by 0.5 mm Cu) In 
suspension hi medium at a concentration of 1-2.10® cells/ml. The dose-rate as determhied 
by ferrous sulphate dosimetry (Frankenberg, 1969) was 5.8 Gy/min. Irradiations were 
performed at either 0® C (dose-response experiments) or at 37^ C (repair experiments).
DNA synthesis assay. Unlabelled EAT cells at a concentration of 5- 6.10®/m l were 
placed hi glass bottles in a water bath and allowed to equilibrate to 37° C. Ara A was added. 
In the form of a 10 mmol/1 solution in HBSS, to various final concentrations (taken as zero 
time point). At chosen time intervals, a 1 ml aliquot of cells was removed and 18.5 kBq
3 .
^HTdR was rapidly added. After an Incubation time of exactly 5 min, 5 ml of cold saline was 
forcefully pipetted Into the sample, which was then put on Ice. When all the samples had 
been accumulated on Ice, they were centrifuged, the supernatant medium aspirated and the 
pellet vortexed. 1 ml of 0.03 M NaOH was then added, followed by 1.5 ml of 0.61 mol/1 
trichloroacetic acid (TCAj 10 min later. Samples were stored at 4° C overnight to allow full 
precipitation of DNA.
The DNA was collected onto glass-fibre (Whatman) filters, rinsed twice with Ice-cold 
0.31 mol/1 TCA and washed with Ice-cold ethanol. Filters were then dried and after 
addition of approximately 4 ml of scintillation cocktail (Optlphase MP,LKB) the 
radioactivity per filter was determined by liquid scintillation counting.
Neutral filter elutiort A modified version of the neutral elution technique of Bradley 
and Kohn (1979) was used. Non-denaturing conditions (pH 9.6) were used throughout. After 
irradiation samples (5.10® cells) were added to Ice-cold PBS (phosphate buffered saline) 
which was then poured Into funnels connected to 25mm MÜllpore 'Swlnnex' holders 
containing 2 pm polycarbonate filters (Nucleopore). The suspension was allowed to run 
through under gravity, and the cells were rinsed with a further 10 ml of Ice-cold PBS. As 
soon as the filter holders had emptied, they were removed from the funnels and 1 ml of lysis 
solution (0.025 mol/1 NagEDTA, 0.1 mol/1 glycine, 0.068 mol/1 N-laurylsarcosine Na salt) 
was pipetted Into the Swlnnex holders. The filter holders were then incubated at 60® C for 1 
h (Okayasu and Iliakis, 1989).
After incubation the Swlnnex filter holders were reconnected to the funnels and 40 
ml of eluting solution (0.02 mol/1 EDTA and ~0.06 mol/1 tetrapropyl ammonium 
hydroxide) was poured into the funnels and the elution initiated. A flowrate of 3 m l/h was 
maintained for an eluting period of 15-18 h. Each fraction (~9 ml collected over 3 h) was 
mixed with 10 ml Optlphase MP (LKB) scintillation cocktail. Radioactivity per sample was 
determined by liquid scintillation counting. The polycarbonate filters were removed and 
thoroughly vortexed in 5 ml Filter Count (Packard) before counting. Internal standards 
were not used in the experiments described here.
Dose-response. Samples (3 ml of 1-2.10® cells/ml) were held on ice for -0.5-1 h prior 
to irradiation, irradiated on Ice and following X-ray exposure returned to Ice for -0.5-1 h. 
Samples were then mixed with 7 ml ice-cold PBS. The above elution procedure was then 
followed.
Repair assay. A 10 mmol/1 stock solution of 9-p-D-arabinofuranoi^ladenlne (ara A) 
was made up in HBSS (Hanks buffered salt solution). The solution was acidified with 0.075 
mol/1 HCl to dissolve the ara A and was added to cell suspensions (In medium) 
approximately 1 h before Irradiation to allow phosphoiylation of ara A. Aliquots of 3 ml of 
cells at a concentration of 1-2.10® /m l were put Into 5 ml plastic bottles (bijou), which were 
gassed and held at 37® C in a water-bath throughout the assay. After irradiation (30 Gy), the
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cell suspensions were returned to the water-bath for various repair times. The irradiations 
were staggered such that all samples could be collected at a common time point. To halt 
repair, samples were poured into a large volume (7 ml) of ice- cold PBS and further processed 
as described above.
DNA unwinding assay. The procedure followed was described previously for CHO Kl 
cells (Costa and Bryant 1988) under the heading 'long term repair'. The only difference was 
that in the present work EAT cells were used, which did not require tiypsinization.
R esults
The results of the DNA synthesis (pulse-labelling) assay are given in Fig. 1. The 
incorporation of ®HTdR into DNA during a 5 min pulse was found to be constant over a 1 h 
period of incubation of cells in medium at 37® C. When ara A was added either at 10 or 100 
pmol/1, a strong decrease in incorporation was observed which increased with time. An ara 
A concentration of 100 jimol/1 was found to be sufficient to almost completely inhibit the 
incorporation of ®HTdR This result implies that semi-conservative DNA synthesis can be 
completely inhibited at 100 pmol/1 ara A.
The results of the DNA unwinding assay are presented in figure 2. The remaining 
damage following irradiation and incubation for various times (expressed in Gy) was 
estimated from the dose-response curve (data not shown). In control (X-irradiated) samples, 
remaining damage disappeared with time approximately to first-order kinetics, as has been 
found previously for EAT cells (Bryant and Blôcher, 1980). This slow disappearance of 
damage [ t i / 2  =2-3 h) corresponded to the kinetics measured by neutral sucrose 
sedimentation and was therefore interpreted as repair of dsb. The results show that an 
almost complete inhibition of dsb repair occurs in the presence of 400 jimol/1 ara A. The 
data at 1600 pmol/1 ara A also show no repair, but reveals a higher level of remaining 
damage than was observed at 400 pmol/1.
The dose-response curves for induction of damage measured by neutral filter elution 
at pH 9.6 are given in Fig. 3. Background elution values, obtained from unirradiated 
samples, have been subtracted). The data shown in Flg.3 does not unequivocally represent a 
sigmoidal fitting, but the curve is based on detailed dose response studies done previously. 
Doses were limited to 30 Gy in the repair experiments so that they remained within the 
linear portion of the dose-response curve. Fig. 3 shows that the presence of ara A did not 
affect the amount of damage induced by X-rays. Similar results were obtained with the 
DNA unwinding technique (data not shown).
The results of the repair assay using neutral filter elution are given in Fig. 4a and Fig. 
4b. The data su r es t  biphasic repair kinetics and estimates of the half times of the rapid 
and slow repair components for the control samples were 6 min and 114 min respectively.
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Figure 4b shows the data calculated as the percentage of breaks (assumed to be dsb) rejoined 
with time. These values were obtained using the following formula:
(I-xt/x l^OO
where xt = the fraction of radioactivity eluted after repair time t and
xq = the fraction of radioactlvily eluted for the unrepaired sample (background 
elution values have been subtracted in both cases).
The results show that for control samples approximately 90% of the breaks were 
rejoined during the 180 min period following irradiation. 75% of the lesions were repaired 
In the presence of 400 pmol/1 ara A and 60% in the presence of 1600 pmol/1 ara A.
D iscussion
The modifications to the neutral elution technique of Bradley and Kohn (1979) 
suggested by Okayasu and Iliakls (1989) were implemented in order to increase the 
sensitivity of the method without significantly altering the pattern of elution, Okayasu and 
Iliakis (1989) postulated that the strong treatment with detergents and elevated lysis 
temperature disrupts the DNA-protein complex and reveals DNA lesions that would 
otherwise be obscured, hence the increase in the sensitivity of the assay. Using these 
modifications we found essentially the same induction and repair results as have other 
authors (Iliakls et al. 1988; Kemp et al. 1984), which indicates that the type of lesion being 
measured has not changed. Futhermore the repair kinetics we obtained using TPAH 
(tetrapropyl ammonium hydroxide) in the eluting solution (see control data in Fig. 4) are 
almost identical to the tris solution results of Koval and Kazmar (1988), unlike their own 
results.
It was shown previously that repair of dsb was fully inhibited In EAT cells by ara A at 
a concentration of 400 pmol/1 (Bryant and Blôcher, 1982). This result was obtained with 
both the neutral velocity sedimentation technique and with the DNA unwinding assay 
where repair was followed at times between 2 and 7 h after exposure to 100 Gy. In the 
present study we have observed the effect of ara A on the repair of dsb as measured by 
neutral filter elution and the DNA unwinding technique. The latter technique was used 
solely to verify the results of Bryant and Blôcher (1982) and we were able to confirm 
essentially a full inhibition of repair of dsb in EAT cells by ara A at a concentration of 400 
pmol/I (Fig. 2). At 1600 pmol/1 full inhibition of repair of dsb was also observed, however 
the line was displaced upwards indicating a higher level of residual damage. It is possible 
that this results from inhibition of ssb repair which was also observed in previous 
experiments at concentrations of ara A in excess of 500 pmol/1 (Bryant and Blôcher, 1982). 
but the effect of complete deregulation of cell metabolism at this high ara A concentration 
cannot be ruled out.
aThe data obtained with neutral filter elution (figures 4a and 4b) shows that more than 
80% repair occurred (when normalised to control value of 90%) in the presence of 400 
pmol/1 ara A,. About 67% repair occurred when compared with controls at 1600 jimol/1 ara 
A. These are in strong contrast to those found with the neutral velocity sedimentation and 
slow component of DNA unwinding techniques where a complete inhibition was observed 
at 400 pmol/1 ara A.
Due to the different experimental conditions used, it was not possible to draw a direct 
comparison between the frequencies of lesions measured with the two above mentioned 
techniques. The aim of thte study was rather to compare the rates of repair in the presence 
of ara A and to determine if the neutral elution technique, thought to detect DNA dsb, 
revealed the same extent of inhibition of dsb repair. Our results with ara A therefore suggest 
that the neutral filter elution technique measures a lesion different from that measured by 
neutral sucrose centrifugation and DNA unwinding. The fact that only limited inhibition 
of dsb repair was observed in the presence of ara A indicates that neutral filter elution 
detects a specific type of double-strand break which is repaired under conditions where 
DNA polymerization is drastically reduced.
Kemp et al. (1984) noted that 50% of the DNA strand breaks, as measured by neutral 
elution, had disappeared within ~40 minutes after exposure to X-rays. This ti /2  value is at 
variance with that measured by velocity sedimentation, which is some 2-4 h depending on 
conditions (Bryant and Blôcher, 1980; Blôcher and Pohlit, 1982). If we assume biphasic 
repair kinetics for the neutral elution technique, as have several other authors (Woods, 
1981; Weibezahn and Coquerelle, 1981 and Sigdestad et al., 1987), the half-times of the 
initial and slow components are 6 and 114 minutes respectively. The half-time of the slow 
component is not dissimilar to the half-time of dsb repair ( t i /2  = 2-4 h) measured by 
velocity sedimentation (Bryant and Blôcher, 1980). This is in agreement with Weibezahn 
and Coquerelle (1981) and Woods (1981), who noted the rapid dsb repair of neutral elution 
was similar to the kinetics of ssb repair, however proposed that the rapid component 
represents a ligation process. They proposed that the slow dsb repair may require a more 
complex process, possibly recombination.
Mtrzayans et al. (1988) suggested that the type of lesion induced determines the repair 
en^mie that is activated. If ara A inhibits only one of these repair enzymes (eg. a DNA 
polymerase), it is conceivable that the lesions detected by the neutral elution technique do 
not require the repair enzymes that are Inhibited by ara A. This, together with the 
observation of the two components of dsb repair, would support the argument for the 
existence of at least two different types of dsb.
In conclusion, from the response of cells to ara A our data suggest the existence of 
more than one type of dsb and that the lesions measured by the neutral elution technique
7 .
are different from those measured by neutral velocity sedimentation or long-term repair 
measured by DNA unwinding technique.
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Fig. 1. DNA synthesis assay. Relative incorporation of tritlated thymidine into the DNA of 
Ehrlich ascites tumour cells incubated at 37° C in the presence and absence of ara A.
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Fig. 2. Kinetics of disappearance of remaining damage (interpreted as repair of DNA double­
strand breaks) as a function of time after X-ray exposure (50 Gy) in the presence and absence 
of ara A. Vertical bars represent standard errors of mean.
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ara A, as measured by the neutral filter elution technique {pH 9.6). The fraction of DNA 
eluted at 16 h was used and the points represent the mean of four experiments and the 
vertical bars represent standard errors of mean values.
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Abstract
Chinese hamster CHO K1 cells were treated with the restriction endonuclease Pvu II 
during electroporation and assayed for DNA double-strand breaks (dsb). Dsb were measured 
by the non-denaturing filter elution technique (pH 9.6) at various times up to 24 h after 
restriction endonuclease (RE) treatment. The frequency of dsb following electroporation in 
the presence of 200 units/m l Pvu n increased over the post-treatment incubation period. 
This was found not to be due to cell or DNA degradation indicating that Pvu II remains 
active for at least 24 h inside the cell. We suggest that these kinetics of dsb result from a 
competition between incision (by Pvu n) and dsb repair.
1. Introduction
Cell killing after exposure to ionising radiation has been attributed to unrepaired or 
misrepaired DNA double strand breaks (dsb) e.g. Blôcher and Pohlit 1982, Frankenberg et 
a l  1984, Curtis et a l 1987. For this reason much attention has been directed towards the 
measurement of the the induction and repair kinetics of dsb. especially hi mammalian 
cells. The role of dsb in the cytogenetic and cellular effects of radiation has recently been 
made clearer as a result of experiments using restriction endonucleases (RE) to mimic the 
effects of radiation (Biyant 1984; 1985, Biyant et oL 1987). Much work has subsequently 
been done to investigate the clastogenic effects of RE however little information is available 
as to the induction of dsb (Biyant 1984, Natarajan et oL 1985) and nothing is known about 
the kinetics of repair of dsb (see Bryant 1988 for review). Recently the use of electroporation 
to porate' cells (Winegar et aL 1989) has improved studies of chromosomal aberrations and, 
as we report here, enabled a stu(fy to be made of the induction of dsb. The principle of the cell 
electroporation technique is that the voltage gradient induced causes the plasma membrane 
to break down in localised areas, forming pores (Knight 1981) the size and lifetime of which 
are sufficient to allow the uptake of large molecules up to the size of DNA (Chu et aL 1987).
In this study we have used electroporation to introduce Pvu II into Chinese hamster 
ovary cells and the non-denaturing filter elution technique (pH 9.6) of Bradley and Kohn
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(1979) to follow the induction and repair of dsb. Pvu II was chosen since our previous 
studies (Biyant 1984, 1985) have shown that this enzyme causes high levels of chromosomal 
aberrations and cell killing in rodent cells.
2 . M aterials and m ethods
2.1 Cell culture and labelling 
Asynchronous populations of exponentially growing Chinese hamster ovary (CHO Kl)
cells were used. The cells were routinely maintained in Eagle's minimal essential medium 
(MEM) supplemented with 10 % v/v calf serum (to which had been added ICX) pmol/1 FeCls). 
75 cm2 plastic tissue culture flasks (Sterilin) were seeded with 1.10^ cells and labelled with 
3.7 kBq/ml (1.59 TBq/mmol) tritiated thymidine for 48 h.
2.2 Purfication of Pvu II and electroporation treatment 
Pvu II was purified using an Amicon 10 ultrafilter (Bryant and Christie 1989) to
remove storage buffer and was then diluted to 10 units Pvu II/pi in calcium free Hanks 
balanced salts solution (HBSS) containing 6 mmol/1 MgCl2 and 1 % BSA (bovine serum 
albumen) .
After tiypsinization, cells were suspended in MEM to give a cell concentration of 1.10® 
cells/ml. Electroporation in MEM was performed using a BRL Cell-Porator. 20 pi (200 
units) of purified Pvu II was mixed with 1 ml of cell suspension in an Eppendorf tube before 
being pipetted into a disposable electroporation chamber. The electroporation conditions 
of Winegar et a l (1989) were used: field strength 650 V/cm, capacitance 1600 pF and with the 
electroporator set at low resistance. Throughout treatment samples were held at ambient 
temperature. Immediately after electroporation samples were poured into V-tubes and the 
chamber rinsed with 3 ml MEM. Samples were centrifuged and the supernatant aspirated. 
After resuspension in 4 ml MEM, samples were poured into tissue culture petri dishes, 
which were then placed in a humidified, 5 % CO2  incubator at 37° C for various incubation 
times. The treatments were staggered such that all samples were collected at a common time 
point.
2.3 Assay of DNA double-strand breaks
After removal of the medium, cells were tiypsinised from dishes, resuspended in ice- 
cold PBS (phosphate buffered saline) and loaded on to 2 pm polycarbonate filters 
(Nucleopore) for the non-denaturing filter elution. The method of Bradley and Kohn (1979) 
was followed (pH 9.6) with modifications as described by Okayasu and Iliakis (1989). Cells 
were lysed in 1 ml of 0.025 mol/1 Na2 EDTA, 0.1 mol/1 glycine and 0.068 mol/1 N- 
lauroylsarcosine (Na salt), at 60° C for 1 h. The eluting solution; 0.02 mol/1 EDTA and ~0.06 
mol/1 tetrapropyl ammonium hydroxide (20 % fti water) was pumped at 3 ml/h and 3 hourly 
fractions were collected over 15-18 h.
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After addition of scintillation cocktail (Optiphase MP, LKB) the radioactivity per 
fraction was determined by liquid scintillation counting. Filters were counted after being 
thoroughly vortexed in 5 ml Filter Count (Packard).
2.4 Assay of DNA precipitabiliiy
Cells were labelled as described above. Samples of 1.10® cells were taken at 7, 12 and 
24 h post-treatment incubation, washed by centrifugation in HBSS to remove medium, 
lysed for 10 min in 0.03 mol/1 NaOH and DNA precipitated with trichloracetic acid (TCA) to 
a final concentration of 0.31 mol/1 and held on ice overnight. Samples were filtered on to 
glass fibre filters (Whatman) and washed with 0.31 mol/1 TCA and ethanol. Both filters and 
filtrate were counted for radioactivity using Optiphase MP (LKB).
3 . R esults and d iscussion
The elution profiles for Pvu II treated cells were found to have a similar shape to those 
of previous experiments with X-rays giving similar levels of elution (Figure 1), which 
suggests that the eluted DNA fragment size distributions are similar to those for X-rays. The 
fraction of radioactivity eluted is assumed to reflect the number of dsb present in the DNA 
The frequency of dsb in Pvu II treated cells (Figure 2) appeared to increase initially quite 
rapidly, followed by a more gradual rise from 8-24 h. Background elution values (untreated 
samples) have been subtracted in both sets of data. Despite the larger error values at longer 
incubation times it is evident that the numbers of dsb are still increasing over the 24 h post­
treatment. The frequency of dsb induced by 200 units Pvu II at 24 h was approximately 
equivalent to the dsb induced by 20 Gy of X-rays. The control values i.e. the number of dsb 
due to electroporation only, are comparative^ small and remain more or less constant over 
the 24 h time period. These experiments demonstrate the induction of dsb hi Pvu II treated 
cells, and explain the lack of success in preliminary experiments, in which cells were lysed 
for analysis 0.5-1 h after treatment, to detect dsb by non-denaturing filter elution in 
electroporated cells treated with RE.
The possibility that the results in figure 2 (increasing elution with time) reflect DNA 
degradation at the extended incubation times rather than cutting of specific Pvu II 
recognition sites, was tested using two assays on cells at 7,12 and 24 h post-treatment. 
Using the trypan blue dye exclusion assay it was found that less than 0.5% of the cell 
population showed up positive (blue; indicating death) in all samples i.e. both 
electroporated controls and enzyme treated samples. In an assay of DNA precipitabiliiy 
using tritiated thymidine labelled cells we showed that only a very small and constant 
fraction of DNA (~1% probably representing unbound nucleotides) failed to precipitate in 
TCA (Table I) eliminating the possibility that DNA degradation had occurred in either 
electroporated controls or enzyme treated cells. We therefore conclude that the increase in
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elution of DNA from Pvu II treated ceUs over the 24 h post-treatment Incubation period was 
the result of a progressive accumulation of dsb induced by Pvu II. It seems surprising that 
Pvu II remains active inside the cell for a period of 24 h. We have no explanation for this, 
however we have demonstrated that this enzyme (in a purified form) is extremely stable in 
vitro, retaining its full activity at 37 °C for 24 h in HBSS/BSA as measured by a cutting 
assay using the plasmid pBR322 (data not shown).
The significant finding of the experiment shown in figure 2 is that the kinetics of 
induction of dsb show that the number of dsb are still Increasing, even at 24 h post­
treatment. If we assume that the repair of dsb is occurring simultaneously with Incision of 
DNA by Pvu II, the results impfy that the Pvu II is cutting the DNA at a higher rate than the 
repair can take place. If this were true it could mean that at lower enzyme doses the kinetics 
of accumulation of breaks could be substantially dlfierent, for example a transient increase 
in dsb might occur followed by a decrease due to repair. At this stage the sensitivity of dsb 
assays precludes measurement at much lower enzyme doses. It is however also possible 
that the curve represents the cutting of Pvu II sites alone, i.e. without repair; and at this 
stage we cannot differentiate between these two hypotheses.
With respect to the gradual increase m dsb with time, the action of RE at this 
concentration appears to differ significantly from that of a single acute dose of iomshig 
radiation, which induces prompt damage, although the RE treatment might be analogous to 
Irradiation at low dose-rate where dsb are also Induced over a long time period. If this 
kinetic applies also to low RE doses this m ust be taken into account especially when 
Interpreting the results of experiments in which RE are used to mimic the cytogenetic effects 
of ionising radiation, since the sampling times that are generally chosen lie within the 5-24 
h post-treatment time Interval.
Our data for the Induction of dsb by Pvu II (Fig. 2) appears to conflict with cytogenetic 
data obtained at lower enzyme doses in that cells harvested after long periods of Incubation 
show largely chromosome aberrations (Obe and Wlnkel 1985; Winegar and Preston 1988), 
whereas if the DNA were subjected to continuing breakage one might predict that cells 
harvested at long intervals after treatment would always show a mixture of chromosome 
and chromatid aberrations. The only possible explanation we can offer at this time is that, 
as suggested above, the cutting and repair of cellular DNA may at the low RE doses (generally 
employed In cytogenetic studies) result in only a transitory Increase in dsb at relatively 
short times after treatment which could give rise to cells containing largely chromosome- 
type aberrations.
The Increasing frequency of dsb over 24 h may thus Indicate that the competition 
between enzymatic Incision by Pvu II and repair of the induced dsb is tipped hi favour of 
incision, at the enzyme concentration (200 units/ml) we have used. Experiments using 
other RE are current^ underway in our laboratories.
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Figure I. The elution profiles of X-irradiated and Pvu II treated CHO cells using the non­
denaturing filter elution technique at pH 9.6. X-ray doses were chosen to give similar levels 
of elution after 16 h to that of electroporated cells treated with 200 units/ml Pvu II.
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Figure 2. Induction of DNA double-strand breaks in electroporated CHO cells treated with 
Pvu II (200 units/ml), as measured by neutral elution, up to 24 h post-treatment. This data 
represent the mean and standard errors of mean values of 2 experiments.
Table I. Radioactivity in the filtrate of trichloracetic acid (TCA) precipitated DNA of 
electroporated cells treated with or without the restriction endonuclease Pvu II and 
incubated in medium for various times.
Treatment Incubation time (h) 
at 3 7 %
% of radioactivity in 
filtrate
Electroporated 7 1.04
controls 12 1.40
24 1.31
Electroporated in 7 1.36
presence of 200 12 1.32
units/ml Pvu II 24 1.10
